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ABSTRACT

The effect of cyclic frequency, temperature and internal struc-
ture on the fatigue crack propagation (FCP) response of polymers of
varied structure and properties was evaluated comprehensively.

Crack propagation data in poly(methyl methacrylate) (PMMA),
poly(vinyl chloride) (PVC), polystyrene (PS), polycarbonate (PC),
and polysulfone (PSF) were obtained as a function of frequency.
These results determined over a maximum frequency range of 0.1 to
100 Hz show frequency sensitivity to be a function of several, some-
times competitive, factors. The importance of two of these factors,
strain rate and creep crack growth on fatigue crack propagation are
{solated through waveform studies. Another parameter, the B trapsi-
tion, seems to play a dominant role with the FCP frequency sensitiv-
ity being a maximum for polymers where the B transition at room
temperature occurs in the range of the experimental test frequency.
This correlation was further examined by evaluating the FCP frequency

sensitivity of PMA, PSF, and PC as a function of temperature. The

results arc rationalized in terms of crack tip heating and associated

blunting.

The observed fatigue response of polymers was seen to be a
strong function of internal structurc. The recognized superior
fatigue resistance of crystalline polymers was confirmed by addition-

al results which revealed the FCP response of highly crystalline

1
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polyacetal (PA) to be superior to all previously examined polymeric
caterials at 10 and 100 Hz. To determine the effect of molecular
weight (M) (g/mole) on FCP, 100 Hz fatigue tests were performed on
carefully characterized specimens of PMMA and PVC ranging in M from
1-8 x 105 and 6-23 x 104, respectively. While toughness increased
by & maximum factor of 3 (in PVC) with M in this range, crack growth

rates decreased by 103. At all molecular weights in PVC, the effects

of the external plasticizer (dioctyl phthalate) at contents of 0 ~
137 were minimal although significant embrittlement was noted at 62
DOP. Conversely, the internal plasticizer butyl acrylate in PMMA
(BA-MMA copolymer) produced a complex effect on both fatigue crack
growth rates and toughness. An examination of the cyclic behavior of
of epoxies with M (distance between crosslinks) ranging from 326 to
> 2000 showed FCP to be sensitive to Mc. Over the test range of M,
crack growth rates decreascd by >103 with increasing M¢.

A careful study of the fatigue fracture surface morphology of
gelected polymers was per foemed to determine the mechanisms of
fatigue crack propagation. In those uncrosslinked amorphous poly-
mers with viscosity-average molecular weight < 2 x 10S and crystal-
line PA, the microscopic appearance of the fracture surface at low
values of the stress intensity range and high cyclic test frequency
(100 Hz) revealed many parallel bands, oriented perpendicular to the
direction of crack growth. The bands were seen to incrcase in size

with AK. In all instances, the crack front advanced discontinuously

in increments equal to the band width after remaining stationary for

2
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hundreds and even thousands, of fatigue cycles. By equating the

band size to the Dugdale plastic zone ahead of the crack, a relative-

ly constant yield strength was inferred which agreed well with re-

ported craze stress values for each material. At higher stress in-

tensity levels in most polymers, another series of parallel bands

were observed. These were also oriented perpendicular to the direc-

tion of crack growth and likewise increased in size with the range in

stress intensity factor, AK. Each band corresponded to the incre-

mental advance of the crack during one load cycle, indicating these

markings to be classical fatigue striations.
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1. Introduction

As an important class of engineering materials, polymers
have been finding increased application in load bearing structures.
While many plastic structural members will be subjected to only
gstatic stresses, complex cyclic loading conditions are also possi-
ble. The static failure characteristics of most polymers has been
thoroughly catalogued by many independent researchers. However,
few in-depth studles of the fatigue behavior of polymers have been
reported. Also, much of this research has been carried out on un=

characterized commercial materials under limited test conditions.

Clearly, further knowledge of the dynamic response of engineering

plastics is needed.

1t is generally accepted that fatigue failure in polymers can
occur by two distinct mechanisms.1 Investigators have found that

fatigue failure of an unnotched specimen may develop as a result
2-1
of the constant input of hysteretic energy during each load cycle.

This energy is, in part, dissipated as heat within the test sample

which causes a monotonic temperature rise. The accumulation of
thermal energy culminates elther with the melting of the entire
gage section as T8 or T is surpassed or as a result of excessive
samp le compliance. in the latter instance, the specimen is no
longer capable of supporting the load #nd may be considered to have

failed, although no physical fracture need have occurred. The

hysteretic energy input per cycle as presented by Fcrry11 is given




n£J3" (£,T) oz (1.1)

.
|}

where f = test frequency

loss modulus

“
'

maximum stress

Q
8

dissipated energy/cycle

tx1
B

From equation 1.1, the heating rate is related directly to the
cyclic frequency and J". Consequently, increasing the frequency
should decrease the cyclic life under a given set of experimental
conditions. The loss compliance J" is a rather complex term. A
given polymer may exhibit one or more J" peaks. In these regions
of maximum damping, the fatigue life will be curtailed. Since the
location of maxima in J" are sensitive to both tcmperature and
frequency, the relative temperature rise will be a strong function
of testing conditions.

1f the build up of hysteretic energy is balanced by the con-
duction and convection of heat to the cooler environment, cyclic
ijnduced thermal softening will not occur. However, this does not
eliminate the accumulation of fatigue damage by the initiation and
stable propagation of a crack. Since most polymeric materials
contain flaws, either introduced through some fabrication process
or as a result of a poor structural design, fatigue crack propa-
gation (FCP) probably represents the dominant mechanism of cyclic

failure. It is this mechanism which will be studied exclusively

{n this dissertation.




Of the many parameters which have been introduced in an
attenpt €O characterize the FCP response of polymers, the stress
intensity factor seems to be the most promising. Derived from
principles of fracture mechanics, the stress intensity factor de~

scribes the stress conditions at the tip of the advancing crack

and is defined by
K=Yo/a (1.2)

where K is the stress intensity factor, Y the correction for speci-
men geometry, O the applied stress, and a the crack length.

Fatigue crack propagation data are generated by cycling
notched samples such as the two shown in Figure 1.1 within a con-
stant stress range (Ag) and recording the crack growth increcment
orresponding number of fatigue cycles. Under fatigue condi-

overa ¢
tions, K must also vary over a range defined by AK. - As the crack
length increases for the specimens shown in Figure 1.1, AK will
also increase. Consequently, it is possible to measure in one
sample the rate of crack growth per cycle, da/dll, over a large
range of AK. The strong relationship between AK anc da/dN, is
demonstrated clearly in Figure 1.2. Note the strong AK-crack
growth rate correlation for scveral éolymers having different
molecular structures and mechanical propertics.1 It has been shown
that such a relationship between da/dN and AK could be best repre-

gsented by a-simple equation of the form:14

da/dN = A AK" (1.3)
where A and m are material variables for a given polymer.

6
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da/dn, mm/cycle

A A

05 10 2.0 50 100

AK, MPavm

ure 1.2 Relationship between crack growth rate per cycle in
several polymers as_a function of stress intensity

factor range AK.1-13-A1*
*Refers to special reference list in Appendix IV
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With equation 1.3, it is possible to analyze the FCP response

of a polymer as a function of various external as well as internal

structural parameters. For example, investigators have reported

the FCP behavior of plastics to be highly sensitive to testing

conditions.1'13-28 As is typical of the mechanical response of

most viscoelastic polymers, FCP is affected by strain rate and

test temperature. In some polymers an increase in strain rate in-

duced by an increase in cyclic frequency leads to a dimunition of

da/dN 1,13-22 vhile the complex effect of tempcrature on crack
growth rates has been related directly to the loss spectrum.26'28
Note that the effect of frequency on FCP is dirccgly opposite to
the results predicted by equation 1.1. This apparent anomaly will
be discussed in detail in Chapter III. The least understood of all

parameters affecting FCP is the internal structure. The importance

of structure is evident when crack growth rates in amorphous PMMA

are compared with results from semicrystalline nylon at the same
AK; a 1000 fold difference in crack growth rates is found (Figure

1.2). The FCP response of certain crystalline polymers such as

PA and PTFE have never been reported, but are expected to be com-

parable to reported results for nylon. Preliminary fatigue studies
have implied that other structural parameters such as molecular

weight 29‘-3zand plasticizer content1'33 may also affect the eyclic

behavior of certain polymers.

In addition to a study of the fatigue behaviar of polymers,

much insight may be gained by an analysis of the micro-mechanisms

9
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of crack growth. This can best be accomplished by a study of the
fatigue fracture surface micromorphology. Many detailed fracto-
graphic reports of static fracture have been published; " "how-

ever, few studies of fatigue fracture mechanisms have been per-

formed.

since the cyclic behavior of polymers is not completely un-
derstood, it is the purpose of this research to evaluate compre-
hensively the fatigue rcsponée of a variety of characterized poly-
mers under a wide range of test conditions.
The objectives of this disscrtation will be:
1) To determine the cffect of frequency, wave form, and
temperature on the FCP response of a group of poly-
mers with diversified properties and structure and
to develop rational models which can account for the
observed behavior.
2) To ascertain the effect of structural parameters on
fatigue crack growth rates in selected polymers.
a) The cyclic behavior of the fatigue resistant
crystalline polyacetal will be evaluated.
b) The role of molecular weight, distribution, and

plasticizer content on FCP in PMMA and PVC will

be examined.
¢) Fatigue testing of epoxy specimens will be per-

formed to assess the importance of chain cross-

1ink density.




J I

3) To develop model

of fatigue fract

s to describe the micro-mechaaisms

urc in engineering polymers.
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1I. Experimental Procedures

The polymeric materials used in this dissertation were ob-
tained from several different sources (Table 2.1). Since the pur-
pose of this research was to evaluate the FCP response of a wide
variety of polymers, much synthesis time was saved by pre-
paring specimens from sheets of readily available commercial
grades of polycarbonate (PC), poly(vinyl chloride) (PVC), poly-
styrenc (PS), crosslinked polystyrene (CLPS), Noryl, nylon, poly-
sulfone (PSF) and poly(methyl methacrylate) (PMMA). In addition
to these materials, carefully characterized specimens of PMMA and
PVC were prepared at diffcrent molecular weights (M) and plasti-
cizer contents. The PMMA supplies were synthesized in our labor~
atory by both emulsion and bulk pol&merization techniques over a
M, range of 1 x 105 to 8 x 106. A third series of PMMA samples
copolymerized with butyl acrylate (BA) were prepared at 6 differ-
ent MMA-BA ratios where MMA/BA ranged from 100/0 to 50/50. (Poly-
merization performed by Dr. Soojaa L. Kim. Details of procedure
presented in Appendix 1.) A series of carefully synthesized PVC
specimens with M,=60,500 to 225,000 were donated by Dr. E. A.

Collins of the B. F. Goodrich Rubber Co. A sccond batch of variable

M PVC plates was plasticized with 0-20% dioctyl phthalate (DOP).

The epoxy resins tested in this study were diglycidal ethers

of Bisphenol-A oligomers: Epon series 825, 828, 1001, and 10004.

12




The curing agent used in most syntheses was methyl dianyline
(MDA). By varying the stoichiometry of the epoxy prepolymer, the
yDA mixture and the temperature, molecqlar weights between €ross-

links (M.) from 320 to 2000 were produced. (See Appendix II)

2.2 Characterization

Molecular weights of all materials tested were determined by
either viscosity measurements OT through the use of Gel Permeation
Chromatography. The glass transition and B transition tempera-
tures were determined by either dynamic absorption spectroscopy
or differential scanning calorimetry. All M and transition tem-
peratures are tabulated in Tables 2.1 = 2.5. (Details of the char-

acterization procedure are presented in Appendix IIL.)

2.3 FCP Specimen Preparation

All specimens of commercial plastic sheet used in the gener-
ation of FCP data were oriented in the same direction in the
sheet. Cast samples were assumed to be completely isotropic and
therefore, constant orientation was not maintained. Little dif-
ficulty was encountered in machining most materials to the prop-
er configuration; however, the epoxies and low M PMMA required
care in machining due to their low inherent toughness. All test
gpecimens were either of the single edge notch (SEN) (Figure l.la)

or compact tension (cT) (Figure 1.1b) geometry where the stress

intensity range is given by39

13




TABLE 2.1 MATERIALS

Polymer (fabrication) ﬁ; Thickness (mm)
PC 4
(extruded) 4.9 x 10 6.3
PVC 4
(extruded) 8.8 x 10 3.2
(suspension-polymerized - . 5
molded) Nw 0.97 - 2.3 x 10 6.4
PS 5
(extruded) 2.7 x 10 6.5
PSF 4
(cx:ruded) 5 x 10 4.4
(commercial cast) 1.25 x 106 6.4
(bulk-polymerized cast) 0.19 - 3.6 x 106 4 - 6.4
(bulk-polymerizcd cast) 1.1 x 10 6.2
(emulsion-polymcrized) 1.0 x 105 . 6.4
(molded commercial - 5
DELRIN
(extruded) - 6.4
Celcon
(extruded) - 6.4

14




TABLE 2.2 CHARACTERIZATION OF PMMA

specimen [7],d1/g iv, x 107° Tg,OC TB,OC
0 4.4 36 110 56
1 3.5 23 108 56
2 2.5 15 110 56
3 0.9 3.5 108 56
4 0.57 1.9 104 56
5 0.35 1.0 96 54
6 0.28 0.72 92 54
7 0.22 0.55 8 s
8 0.15 0.33 8 a

8too brittle to test
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MOLECULAR WEIGHTS OF EMULSION-POLYMERIZED

TABLE 2.3
AND COMMERCIAL PMMA

Specimen Description M x 10-5
1E Emulsion Polymerized at 40°¢c 81
2E Emulsion Polymerized at 40°c 6.0
3E Emulsion Polymerized at 60°c 3.7
4E Emulsion Polymerized at 40°¢c 2.6
5E Emulsion Polymerized at 40°c 1.9
6E Emulsion Polymerized at 60°C 1.5
7E Emulsion Polymerized at 40°¢ 1.0
8E Emulsion Polymerized at 40°¢c 0.76
VS Plexiglas VS 1.4
V9 Plexiglas V-920 molded 1.3
v8 Plexiglas V-811 commercial 1.2
Lr Lucite 4F PMMA 2.0
VS Lucite 40 resins 2.0
Ll Lucite 140 2.0

16




TABLE 2.4

CHARACTERIZATION OF MMA-nBA COPOLYMERS

Mole Ratio
MMA /nBA

a o ao - -6
g’ c Tg. c n], wl/g M, x 10

100/0
90/10
85/15
80/20
75/25
70/30
60/40

50/50

110 56 4.8 3.6
86 54 9.0 3.7
68 40 14.9 7.1
65 40 15.0 7.2
57 - 14.5 7.1
53 - 14.5 6.2
23 - 10.5 5.0

7 - 12.5 6.5

8crom maximum in E"; the B peak is increasingly overlapped by
the glass transition peak as Tg decreases.
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TABIE 2.5

COMPOSITION AND M? OF PVC SPECIMENS

5 = =5 = =5 = 075§

Code % DOP Mnxlo valo waIO szlo Mw/Nn
M-1-P-0 0 1.04 2.04 2.25 4.10 2.16
M‘I-P" 13 13 (13 11 " " 1
M-2-P-0 0 0.673 1.28 1.41 2.45 2.09
M-Z'P-6 6 ”" " n " "
M-3-P-0 0 0.465 0.882 0.965 1.67 2.07
M—3-P-13 13 n [1] [ 1] " 7"
M-4-P-0 0] 0.279 0.553 0.605 1.02 2.17

M-4-P-13 13

8py gel permeation chromatography, ﬁn,

number-, viscosity-, weight-,
respectively. .All values arc

pata supplied by Dr.

18

Mv’ Mw’ and Mz being the

and z-average molecular weight,
for unplasticized polymer.
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_Ysr/a

AK B

where AP is the load range, B the specimen thickness, W the spec-

iren width, a the crack length and the correction factors
2 3
Y = 29.6 - 185.5(a/w) + 655.7(a/w)” - 1017.(a/w)

+ 638.9(a/w)4 for CT

¥ = 1.99 - 0.41(a/w) + 18.70(a/w)? - 38.48(alw)>
+ 53.85(a/w)4 for SEN.

2.4 Fatigue Testing

Fatigue tests were per formed on a MTS electrohydraulic closed
loop testing machine spanning a test frequency range of 1 to
100 Hz. The ratio of minimum to maximum load (R) was maintained
at 0.1. Unless specified otherwise, all fatiguec tests were run
in air under sinusoidal wave form. When isolating the cffect of
strain ratc, the triangle/ﬁ\, negative’\ and positive sawtooths/ ,
and the squareJl waveforms were utilized at 1 and 10 Hz. Crack
growth was monitored in increments of approximately 0.25mm with

the aid of a Gaertnmer travelling microscope.

2.5 Precracking

Precracking refers to the initiation and growth of a crack
from the tip of the machined notch to a certain length where meas-
urement of the crack propagation process could be monitored. Al-
though initiation is an important fatigue process, it is of sec-

ondary concern in studies of FCP; consequently, techniques were
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developed to minimizc this step. In the tougher materials, in- i

itiation 1is hasténcd by cutting a chevron at the crack tip and
shaerpening with a scalpel. The specimen is then cycled at high
frequency (100 Hz) at loads approximately 307 higher than cal-
culated for obtaining the desired initial da/dN level. The crack
usually initiates after 50-100,000 cycles by this method. At
this point, the load is reduce in 57, steps every 10,000 cycles
until the loads calculated for the assumption of the data-taking
procedure are reached. The crack 1s then grown 5 mm before the

first data point is taken to insure against overload interactions.
For those materials which are exceedingly brittle (all epox-
jes and low-M PMMA) a type of "dynamic crack sharpening technique"”

was developed which dramatically aided crack {nitiation. With

this method, the sample is cycled at high frequency at the de-
sired testing loads. At the same time a sharp razor is drawn

across the crack tip chevron. Initiation of FCP is usually in-

gtantaneous.

2.6 Low Temperature Testing

Low temperature fatigue testing was carried out in a small

well insulated environmental test chamber. The desired tempera-

ture was obtained by carefully controlling the flow of cooled

nitrogen vapor through the chamber. The temperature control was

believed to be within 2 K, measured adjacent to the crack. A

double glass window separated by dry nitrogen enabled crack meas-

20




urements to be made readily without fear of frost formirg on the

external glass pane.

2.7 Fracture sur face Analysis

Fracture studies were conducted with an optical metallo-
graph, a Philips EM 300 transmission electron microscope (TEM)

and an ETEC scanning clectron microscope (SEM). Specimens pre-

pared for usc in the SEM were carbon and gold coated. Two stage

replicas for TEM observation were made by first applying a thin

layer of 10% poly(acrylic acid) in water to the fracture sur face.

After allowing sufficient time for drying, the plastic replica

wvas stripped from the fracture surface, chromium shadowed and

carbon coated. Finally, the poly(acrylic acid) was dissolved in

water leaving the shadowed carbon film read to be mounted for

viewing in the TEM.
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111. The Effect of Frequency, Wave form and

Temperature on FCP in Polymers

3.1 Introduction

1t is generally accepted that the mechanical response of
viscoelastic solids, such as polymers, is highly sensitive to the
rate of deformation. Therefore, it is not unexpected that under
fatigue loading, crack growth rates in certain polymers are
strongly affected by the cyclic rate or frequency. However, un-
like fatigue induced thermal softening, discussed earlier, no
melting has ever been reported during FCP at frequencies ranging
from 0.01 to 100 Hz. Presumably, the entire cross section must
be highly stressed to {ncur melting. When FCP is doninant, the
zone of highly stressed material is localized at the tip of the
advancing crack. Apparently, the cooler, less stressed materi-
al surrounding this zone of deformation is capable of absorbing
any excess hysteretic energy, thus preventing an unstable temper-
ature rise. Consequently, although some crack tip heating does
occur?9 melting is precluded and crack growth always occurs by
a mechanical process. 1t is therefore surprising that investi-
gators have reported a considerable decrease in crack growth
rates in PMMAES-lg and PVC20’22’23 with increasing frequency
while PC, PSF, nylon 66 and PVDF were insecositive to frequency

changes% Using an expanded data base, an attempt will be made

to thoroughly evaluate these hypotheses.
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Closely related to cyclic frequency is the form of the re-
peating wave. By evaluating fatigue crack growth rates as &
éynction of various wave forms having different loading rates,
the basic importance of strain rate may be isolated from fre-
quency. From an enginnering standpoint it is unlikely that
cyclically loaded structures will be subjected to a perfect
sinusoidal waveform. At present only two investigations have
been reported which discuss waveform effects on polymers.
Harris and Wardéo examined the FCP response of a complex vinyl
urethane under square and triangular waveforms. The triangu-
lar wave was reported to have produced crack growth rates 6
times faster than were observed uner the square wave. They
rationalized that the rapid load ramping or ascending strain
rate assoclated with the square wave produced a stiffening and
strengthening of the material consistent with the predicted
response of a viscoelastic material. Conversely, FCP waveform
studies of PC1 showed no significant differences in da/dN be-
tween sinusoidal and square waves at 1 and 10 Hz. Clearly,
further investigation is required to adequately understand poly-
mer fatigue response to cyclic waveform.

If a similarity existed between the effect of temperature
on FCP and the static tensile properties of polymers, one might
expect an improvement in cyclic behavior (decrease in da/dN)
with decreasing temperature. This is consistent with the in-

crease in modulus and strength which accompanies a drop in test

23
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temperature. However, such a simplistic explanation cannot account

ior the temperature dependence of the many complex mechanisms which

control fatigue crack growth rates. In fact, Kurobe and Wakashima

ced a decrease in the fatigue life of PMMA and PC when test tem-

perature was decreased from 323 K to 263 K?4,25

no

This was in agree-

ment with their fractographic evidence which also indicated an in-

crease in crack growth rates with decreasing temperature. Recent

papers by Gerberich and Martin have in part confirmed the deleter-

jous effect of lower temperatures on FCP in PC26 and have found a

27
similar responsc in PSF. In FCP tests at temperatures ranging from

125 K to 380 K, they reported a minimum in toughness and a maximum

in da/dN at 223 K. After a thorough analysis, they concluded that

the minimum in properties corresponded to a minimum in the loss mod-

ulus when integrated over a 100 K tcmperature interval. A 100 X in-

creasc in crack tip temperature was hypothesized to occur by cyclic

{nduced heating at 1 Hz. while a considerable cemperaturé rise

might be incurred during rapid fracture or high frequency fatigue

test conditions, this writer believes that the hysteretic heat build-

up at 1 Hz should be negligible.

Due to the limited amount of FCP data as a function of temper-

ature and questionable interpretation of previously reported results,

more extensive experimentation is in order. An attempt will be made

to evaluate further the importance of test temperature on crack

growth rates at 1 and 100 Hz in PC, PSF, and PMMA.
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3.2 Results and Discussion

3.2.1 The Effect of Cyclic Frequency in Polymers

The effect of cyclic test frequency on fatigue crack growth
rates in a variety of polymers is shown in Figures 3.1-3.6. Of
these curves, the data base for PS (Figure 3.5a) spanning a four
decade change in da/dN obtained over a 3 decade change in frequency
may represent the most extensive FCP data base available for any one
1t is evident that all polymers evaluated in this study

polymer.

wmay be placed in one of two categories with regard to their respec-
tive frequency sensitivity. As previously rcported, crack growth
rates in PC and PSF (Figures 3.1 and 3.2) were found to be insensi-
tive to test frequency. Conversely, PVC, PMMA, PS, and Noryl all
ghowed some decrease in da/dN with increasing frequency (Figures
3.3, 3.4, 3.5a, and 3.6). Whilc the absolute effect of frequency
was not the same in all polymers tested, it is important to note
that da/dN never increased with increasing frequency. Therefore,
the frequency response of FCP and cyclic induced softening are anti-
podal. Confirming the occurrence of heating in both mechanisms of
fatigue, Attermo and é&tberg39 reported a 30 K crack tip temperature
rise in PVC at 11 Hz; however, this condition appears to be bene-
ficial to FCP. Consistent with this observation arc the results
obtained in a test of an internally plasticized PMMA (to be dis-

cussed in greater detail in Chapter 1V). Having a very high value

of J", this polymer. when tested at high frequency, became hot to
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t=e toucn. No crack growth occurred under these conditions.

3.2.2 The Importance of Creep in FCP

A characteristic of all polymers which show some sensitivity to
frequency is the shape of the crack growth curve (see Figures 3.3,
3.4, 3.5a, and 3.6). Over an intermediate crack growth range, the

slopes of the growth rate curves for different frequencies are near-

ly equal. Below this range the data converge (i.e. FCP rates be-

come somewhat less sensitive to test frequency) while above this

range, test frequency plays an increasingly morc important role in

determining crack growth rates. This fatigue behavior is postulated

to be related to the existence of a variable crecp component. It

has been reasoned that crack growth rates may be considered to be

the sum of a pure fatigue component da/dN(fat> and a pure viscous

creep component da/dt cp) where

da/dN(tot) = da/dN(fat) + da/dt(cr).
At low AK where da/dt(cr) is small, da/dN(cat) approaches
da/dN which accounts for the lower frequency sensitivity in

(fat)

this test range. At high aK where da/dt is believed large, the

latter component represents a greater portion of da/dN(tot)’ thus

explaining the increased frequency sensitivity. At intermediate
levels of 8K, da/dN(fat) and da/dt(cr) are presumed to be of com-
parable magnitude, thereby accounting for the simple displacement

of the crack growth rate curves with changing frequency. This
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nwpothesis 1Is supported in part by the CLPS data shown in Figure

‘e

3.5b. The presence of chemical crosslinks acts to suppress viscous

flow, causing the frequency sensitivity of CLPS to be much less

than linear PS (Figure 3.5a). However, further laboratory studies

suggest that this model may not be generally applicable to all poly-

mers. Fatigue tests of selected polymers have shown a strong fre-

quency sensitivity at stress intensity levels where no creep crack

growth was measureable. This does not rule out the possiblity that

a synergistic relationship may exist between fatigue and creep crack

growth where the cyclic nature of fatigue deformation induces creep.

For example, studies of vibrocreep have shown a significant increase

in creep rates when minute cyclic loads are superimposed on the ma-

41,42
jor static stress. ’ At any rate, it seems clear that a simple
superposition model involving pure fatigue and creep components 1is

both unreasonable and oversimplistic.

3.2.3 Strain Rate Effect

Recognizing the large effcct that strain rate changes have on

the mechanical properties of polymers in gencral, one must appre-
ciate the fact that an increase in the cyclic frequency is tanta-
mount to an increase in strain rate. Since many polymers are high-
ly viscoelastic over certain time and temperature ranges, their
mechanical properties should be sensitive to strain rate or fre-

quency in these regimes. Consequently, an increase in the frequency

ghould increase the modulus and strength and enhance FCP resistance.
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vhile the end result is consistent with the frequency response Of
ce-tain polymers, it is a fact that the mechanical properties of
all polymers studied in this dissertation lie close to or above the
plateau in the mechanical properties - time/temperature curve (i.c.
a change in freguency of 2-3 orders of magnitude could not dramat-
ically alter any mechanical property). One can only conclude that
gtrain rate effects alone should not be wholly responsible for the

observed frequency sensitivity of FCP. A thorough analysis of

strain rate will be offerred in the section on waveform.

3.2.4 § - Transition - Frequency Sensitivity Hypothesis

The B peak, representing a maximum in loss modulus in the dy-
pamic mechanical spectrum of certain polymers, has been rTelated to
main chain segmental motion. Since specific mechanical properties
have been linked to the B transition[:3 an attempt was made to re-
late the frequency sensitivity of a polymer to its B peak or as-
sociated jump frequency. 1t was possible through extrapolation and
interpolation to estimate the jump frequencies of PS?Q rmmmf“ PC?Q
nylon?4 poly(vinylidene fluoride)baand PSFasat room temperature.

The relative change in da/dN per decade decrease in frequency, cal-
culated from the linear and parallel portions of the crack growth
rate curves in Figures 3.3-3.6 was given by the "frequency sensitiv-
ity factor" (FSF) and is listed for each polymer in Table 3.1. The.

comparison of the room temperature jump. frequency and FSF yiclded a

very interesting and profound relationship (Figure 3.7).
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Table 3.1 FSF of FCP in Polymers at Room

Temperature
Material FSF
PMMA 2.5-3.3
PS 2.3
Noryl 2
wWC 1.8
CLPS <1.5
PC 1
PSF 1
Nylon 1
PDF 1
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1: is evident that the polymers which exhibited a jump frequency
close to the mechanical test frequency regime showed a high fre-

quency sensitivity factor, while those polymers with a jump fre-

quency much greater than the test frequency range had no frequency

gsensitivity (FSF = 1). Although no polymer with a jumﬁ frequency
much less than the test frequency has been tested, a frequency
sensitivity factor at about 1 for such a material would be expected.
This relationship suggests a condition of resonance of the external-

ly imposed test machine frequency with the materials internal seg-

mental mobility corresponding to the B peak.
On the basis of the correlation shown in Figure 3.7, one would

expect the room temperature frequency sensitivity factor of PC, PSF,

nylon 66, and PVDF to increase were it possible to excite these ma-

terials at test frequencies in the range of 106 Hz. Unfortunately,
this could not be studied directly because of test machine limita-
tions. However, since the segmental motion jump frequency varles

with temperaturc, it should be possible to choose a particular test

temperature for each material that will bring the jump frequency in-
to the cyclic frequency range permitted by our test machine. For

this case, the frequency sensitivity should be maximized. Corre-

gpondingly, the frequency sensitivity of PMMA should be attenuated

at test temperatures below ambient.
Therefore to further clarify this correlation betwcen cyclic

frequency and jump frequency, the FSF was evaluated at different
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test remperatures. The polymers chosen for this study were PMMA,

Pss, and PC. Polycarbonate and polysulfone which showed no fre-

quency sensitivity at room temperature, were tested at lower tem-

peratures where the B peak at the test frequency is maximized.

Correspondingly, PMMA, a polymer with a high frequency sensitivity

factor at room temperature, Was tested at lower temperatures where

the test frequency and the jump frequency differ by orders of mag-

nitude. In this manner, the FSF for this material should be re-

duced. (With all specimens, it should be noted that since each

frequency corresponds to a somewhat different value of the temper-

aturc for the B-process, experiments at constant temperature are not

rigorously comparable. However, inspection of typical B-peak data4

shows that the consequent error in the frequency sensitivity factor

will not affect the conclusions.)

Frequency sensitivity factors were calculated for all test spec-

imens from fatigue crack propagation data obtained at 1 and 100 Hz.

The values of the frequency sensitivity factor were then plotted as
a function of temperature and are shown in Figures 3.8-3.10. Poly-
sulfone and polycarbonate, two polymers vhich showed negligible fre-

quency sensitivity at room temperature, exhibited a maximum in fre-

quency scnsitivity factor (>2.4) at temperatures corresponding to a
jump frequency between 1 and 100 Hz for both materials. PMMA which

demonstrated a maximum FSF at room temperature (jump frequency ~

test frequency) responded to a lowering of test temperature with a
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consilerable decrease ia FSF as the jump frequency became much low-
er than the test frequency. These data lend further support to the
correctness of the B-jump-frequency-test frequency correlation.
Such a correlation is not without precedent, for the B~process may
be associated with yielding, creep, crazing and crack growth phe-
nomena? Carrying this relationship one step further, it is pos-
sible to normalize the previous data with respect to thc tempera-
ture of the B-maximum. Figure 3.11 shows the relationship between
the FSF for PSF, FC, A, and some preliminary PS data and the
normalizing factor T-Tﬁ. Note that all data points fall approx-
imately on the same curve evincing the generality of this correla-
tion.

A physical interpretation of this correlation may be secen with
the following model. It is generally accepted that the B-peak rep-
resents a region of maximun loss compliance, associated with a high
level of damping or energy dissipation. This increase in damping
leads to a corresponding increase in hysteretic energy and a local-
jzed temperaturc rise. in the notched samples utilized in this
study and others, the maximum heat rise is réStricted to the minute
plastic zone near the crack tip while the bulk of the specimen ex-
periences lower cyclical stresses and remains cssentially at ambient

temperaturc. Although heat tramsfer from the plastic zone to its
cooler surrounding environment might limit the rate of crack tip
heating, fatiguc testing at high frequencies (100 Hz) should never-

theless produce a considerable temperature rise at the crack tip.
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Relationship between FSF and the normalized B-tran-

Figure 3.11
sition temperature, T - TB.
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(1] 3
This has been confirmed by Attermo and Ostberg 9 who recorded a max-

{mu increase in crack tip temperature of 30 K in fatigue testing of

polymers at only 11 Hz. with a significant increase in temperature,

yielding processes in the matcrial surrounding the crack tip should

be enhanced. This chould lead to an increase in the crack tip radi-

us. This greater radius of curvaturc at the crack tip should result

in a lower effective &K. As the effective AK decreases, da/dN is

expected to decrease accordingly. While no attempt was made to meas-=

ure crack tip radii or temperatures in this study, high frequency

fatigue tests per formed on another polymer (intcrnally plasticized

PMMA) with a very high value of J" caused the crack tip region to

rapidly become hot to the touch. 1In addition, the crack tip became

visibly rounded. At this point, gstable crack growth ceased.

1t is conceivable then that the frequency sensitivity factor

{s maximized when the rate of crack tip heating is greatest since

crack growth rates will be slowest in comparison. This should oc-
cur at temperatures where extensive encrgy dissipation or damping

is present within a polymer, and would occur in resonance with the

test frequency.
3.2.5 The Effect of Wave form on FCP in Polymers

In the previous scction, the effect of frequency on the FCP be-

havior of plastics was carcfully analyzed under conditions of sinus-

oidal loading. Since strain rate (¢) was identified as onme of =ev-
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er.l possible mechanisms controlling the frequency sensitivity, it

seems appropriate to isolate the effect of this basic parameter on

FCP. To isolate the effect of strain rate on FCP, cyclic tests of
certain polymcrs were conducted at fixed frequencies but differeut
load waveforms: the square wave, triangle, positive and negative
sawtooth. In addition to the previous waveforms, baseline sinus-
oidal da/dN vs. AK data was available for all materials. The above
mentioncd waveforms may be listed in order of decreasing strain
rate as follows: square and negative sawtooth, triangle and posi-
tive sawtooth.

In testing under variable waveform conditions, another parame-
ter, time under load or creep, becomes an important variable that
may affect the fatigue crack growth process. By maintaining con-
stant strain rate and varying the integrate time under load, creep
crack growth may also be isolated. Experimentally, this could be
accomplished by comparing crack growth rates obtained under the
square and negative sawtooth waveforms where the ascending strain
rate is equal but the square wave exhibits twice the time under
load as compared with the sawtooth waveform.

The overall test frequency was maintained at 1 or 10 Hz to
minimize the possibility of extensive crack tip heating. However,

considering the exceedingly high strain rate of the rapid ramping

functions, some heating may occur during the initial portion of

each cycle.

45




~he results of the variable waveform fatigue tests of PC, IMMA,

»yDF, PS and epoxy are listed in Table 3.2. These crack growth
rates were obtained at a constant AK which was chosen to yield con-
veniently obtainable crack growth rates. From Table 3.2, PMMA, PS

and PVC exhibit some changes in da/dN as a function of waveform,

while PC, PVDF and epoxy showed no variation.

While the changes in da/dN with waveform are small in compar-
ison to the frequency cffect shown earlier, they accurately reveal
the true but minor effect of strain rate. It is more than coinci-
dence that the same polymers which exhibit a strong frequency sensi-
tivity also arc sensitive to waveform. One can only speculate that
the B transition may also be responsible for waveform effccts. This

is consistent with the possibility of maximum strain rate effects

43

and creep rates occurring around the B transition. It is there-

fore quite {nteresting to note that the polymers sensitive to wave-

form, PS, PMMA and PVC, also exhibit strong B peaks in the test fre-

quency range.

0Of those polymers which revealed changes in da/dN with wave-

form, two distinct responses arc evident. PVC and PS showed a con-

tinuous increase in crack growth rates with increasing loading rate
and area under the load-time curve (note in Table 3.2, da/dNn >
da/dNp > da/dn A > da/dN 4 ). Conversely, PMMA was insensitive to

varying strain rate but was affected only by time under the curve

(da/dNp ~ 2.5 (da/dN,\,/\r4 ). The latter response indicates the

importance of creep crack growth. However, it is clear that the
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Table 3.2 Crack Crowth Rates as a Function

of Waveform

Material AK  Frequency da/dN x 104
HPa/m Mz N L NN A
nC .72 1 1.17 1.41 1.02 1.08 0.8
" " 10 0.8 0.9 0.7 0.8 0.68
" .77 1 2.03 1.96 1.7
" .77 10 1.33 1.3 1.14
PMMA .83 1 19.2 7.8 8.2 7.8
PS .77 1 21.6 17.8 14.5 13.9
B .70 1 2.26  2.20 2.30
PVDF 2.0 1 No Change
PC - 1 +10 No Change
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szuare waveform with its maximum loading rate and time under load,

generally ylelds the highest da/dN.

1f the waveform - da/dN relationship is linked to the B tran-
sition, the shape of the B peak, or more specifically the slope of
the damping curve at this maximum may account for the specific wave-

form response observed. A positive slope would signify an increase

in damping with increasing temperature and a negative slope, the re-
verse. The loss modulus vs. temperature curve for PMMA (Figure
3.12a) shows a maximum at room temperature corresponding to the B
peak. With a slight tempcrature rise, the slopé becomes negative
and damping decreases. 1f PMMA is cycled under a waveform involv-
ing a rapid initial strain rate, some crack tip heating may occur,
but the increase in temperature should be quickly balanced by de-
creasing damping. Therefore,vit may be argued that strain rate,
per se, should not affect da/dN in PMMA. However, the B peak has
been related to a maximum in static load-related creep rates. Con-
sequently, the fatigue response of PMMA should be highly sensitive
to time under load which is consiscent.with the maximum FCP rates
being associated with the square waveform of loading. PS and FVC
also exhibit B peaks near xoom temperature (Figures 3.12b,c ), but
both curves show positive slopes in their damping (G" or tan §) -
temperature curves. In these materials, a waveform with a higher
ascending strain rate should induce a real tcmperature rise at the
crack tip.

1t seems apparent from the previous discussion that the strain

48




0.00

100

.00i :
-200 ~-100 0 200 ‘
T(C) ’
i+ PVC
(/e K
() c 0.1} a
©
-
0.0iF
|1 ] 1
-200 -100 0 100
T(C)
Figure 3.12 Temperature sensitivity of loss modulus and tan §

&9

in a) PMMAGH, b) Psh4, and c) PVC.




rate serves to modify crack tip conditions in a manner which could

affect creep crack growth. Consistent with this argument is the

totel lack of waveform sensitivity in the heavily crosslinked epoxy,

a material where creep caused by molecular chain sliding is highly

restricted. Now consider the waveform response of PS-PU reported

40
by Harris and ward. Although the exact composition of PS-PU is
not known to the author, the authors indicated that this material
consisted of a 2 component structurc of glassy PS and crosslinked

rubbery PU. If this material behaves in a manner similar to other

interpcnetrating network polymers, onec might expect thc mechanical

properties of both components to be evident. Under the rapid load-
ing assoclated with the square waveform, the rubbery component
should exhibit increased rigidity and yield strength which would
account for a drop in crack growth rates. Conversely, the square
wave form would tend to produce more creep cracking in the PS com-
ponent of the material. In fact, Harris and Ward found the square
waveform to yield a minimum in crack growth rates. This suggests

that the strain rate sensitivity of this two phase material was

dominated by the rubbery PU phase.

3.2.6 The Effect of Temperature On FCP in PSF, PC and

PMMA.

Figures 3.13-3.15 show crack growth data for FC, PSF and PMMA,

respectively, at 1 and 100 Hz over a temperaturc range of 150 K to

300 K. A comparison of the 1 Hz crack growth curves shown in
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Ficure 3.13a witlh the 1 Hz data reported by Martin and Gerberich
gives good agreement from room temperature to 223 K. Below this
tecperature, the curves diverge yet maintain a similar trend with
temperature.

In Figurcs 3.16-3.18, da/dN is evaluated at an arbitrarily
chosen AK as a function of temperature for PC, PSF and M4, respec-
tively. A characteristic of each polymer is a general increase in
crack growth rates with increasing temperature. This is consistent

with the normal decreasc {n mechanical properties such as modulus

and strength which one encounters with increasing temperature. It

is appropriate to mention that the FCP results for PMMA shown in
Figures 3.15 and 3.18 directly contradict those publishecd by Kurobe
and WakashimaZA’z5 who reported an increase in crack growth rates
with decrcasing temperaturc. This apparent anamaly may be ex-
plained by the basic difference in testing methods between the two
studies. The fatigue testing in this report is load controlled
while Kurobe and Wakashima utilized constant displacement fatigue
equipment. Wwith decreasing temperature (300 X to 225 K), the mod-

ulus of PMMA rises considerably. If the loading stroke remains con-

stant as temperature is decreased, the fatigue specimen will fail

sooncr at lower temperatures duc to cffectively higher loads being

applied.

Closer inspection of Figures 3,16-3.18 revealed a relative

maximunm in 1 Hz data around the B transition. Since the P peak
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Crack growth rates at 1 and 100 Hz as a

temperature at constant AK in polycarbonate.
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Figure 3.18 Crack growth rates at 1 and 100 Hz as a function of
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423 ba2n related to a maximum in creep, the creep component of FCP

will be larger at 1 than 100 Hz. Simultaneously, fatigue testing
at 100 Hz should generate considerable hysteretic heating and re-

sult in a relative dimunition in FCP. Consequently, the relative

difference in FCP at this temperature as a function of test fre-

quency (i.e., the frequency sensifivity factor) should be maximized.

A relationship between the B-peak and the absolute fatigue
crack growth rates in PC and PSF has been hypothesized by Gerberich

6,27 They obtained good corrclation between da/dN and
T+100

a minimum in the inteprated E" f/[;"dT ) where the analysis is
T

and Martin?

based on the assumption of a 100 K rise in crack tip temperature

at 1 Hz. Such crack tip heating is conceivable under conditions of
rapid fracturc, but the temperature rise at 1 Hz should be negli-
gible. Attermo and Bstbcrg reported an increase in crack tip tem-
perature in PC of less than 30 K at 11 Hz. At 1 Hz, a much smaller

rise would be expected. 1f the initial assumption of a 100 K

crack tip temperature rise in unsupported, the remaining analysis

becomes questionable -

3.3 Conclusions

The frequency sensitivity of crack growth rates in polymers is
a function of several, somectimes competing, factors. Based on results
presented in this chapter, the dominance of the P transition is ap-
quency sensitivity being at a maximum where the B

parent with fre

transition at room tempcrature OCCUrs in the range of experimental
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tes: frequency. This correlation between B jump frequency and test

teoperature 1is convincingly supported by fatigue crack propagation

data obtained for PiMA, PC and PSF over a range of temperatures.

This behavior may be reasonably explained in terms of hysteretic

heating at the crack tip which is maximized at the P peak. The

resulting crack blunting causes a drop in da/dN which is believed to

be responsible for the observed frequency sensitivity in numerous

polymeric solids.

Wave form studies per formed on a variety of polymers indicate

the only eftect of increasing strain rate on FCP was the inducement

of a minor increase in crack growth rates. This was related to a

slight crack tip temperature rise which may have been responsible

for aiding creep. Those polymers with low damping or crosslinked

structures were insensitive to strain rate and creep crack growth

under cyclic loading.

Crack growth rates werc seen to be a strong function of tem-

peraturc. FCP tests of PMMA, PSF, and PC demonstrated a general in-

creasc in crack growth rates with temperature. 1ln all three mate-

rials, a maximum in da/dN at low frequency was evident near the B

transition tempcrature. This is believed to be rclated to a relative

maximum in crecp rates which is usually found near the B peak.

59




IV. The Importance of Intecrnal Structure

in Fatipue Crack Propagation in Polymers

4.1 Crystallinity

4.1.1 Introduction

0of all polymeric materials, the semi-crystalline plastics offer
the most desirable mechanical properties. Their impressive combina-

tion of high strength and toughness excecd that of most single compo-

nent polymers. gimilarly, the FCP response of crystalline plastics

guch as nylon and PVDF arc far superior to typical amorphous poly~-

mcrs1 (sce Figure 1.2). At this time the mechanisms governing FCP

in crystalline polymers are not clearly understood. It is believed

that the strong crystalline spherulites play a major role in hinder-

ing crack propagation. Apparently, much energy is required for the

1nitialbreakdownofz1sphcruli:e. Once deformed, the molecular chains

recombine to form a crystalline structure oriented parallel to the

load direction. The manifestation of this deformation may be seen in

the strong whitening of the fatigue fracture surface.l’l Consider-

able resistance to crack growth should be encountered when such a

gtructure is present just ahead of the crack tip. Spherulitic defor-

mation may not represent the only mode of fatigue crack propagation

in crystalline polymers. 1In a study of FCP in polycthylenc, Andrews

4

and Walker 8 reported evidence which suggested that both intercrys-
talline and transcrystalline mechanisms of crack growth may be
depending on the crack driving force.

operablec,
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Fatigue crack propagation studies have been per formed on the

cocmmon crystalline polymers such as Nylon 6, Nylon 6,6, PVDF, PE,48

1
chlorinated polycther, and polypropylene; 12 however, crack growth

data in polyacetal (PA) and polytetrafluorocthylene which are be-
lieved to be fatigue resistant polymers have not been published.s-
An attempt will be made to generate FCP data in two commercial PA
resins, the homopolymer Delrin and Lhe copolymer Celcon (copolymer-
ized with ethylene oxide ).
4.1.2 Results Eﬂﬂ Discussion
Fatigue crack growth rates as a function of stress intensity

at 10 and 50 or 100 Hz in Celcon and Delrin are shown in Figures 4.1
and 4.2, respectively. Note in Figure 24 the good agreement between
all Celcon data and pelrin tested at 50 and 100 Hz. Due to the low
i{nherent toughness (Kc) and the strong fatigue resistance (low da/
dN for a given AK), the data base is small. 1f one compares the
fatigue response of Delrin to PVDF and Nylon 6,6, the most FCP |
_resistant polymers identified to date, (Figure 4.3), the superior-
ity of polyacetal at a low da/dN range is clearly evident. Through
comprehensive studies of fatigue crack growth in common engineering
metals, researchers have concluded that by normalizing AK with
respect to the clastic modulus, E, crack growth data for all metal-
lic alloys lic on the sawme curve. 1f a similar comparison is made
between the normalized fatigue behavior of metals and crystalline

polymers‘(Figure 4.4), the FCP responsc of all metals is seen to be

far inferior to crystalline polymers.

61




o
&

i l T ]
-~ CELCON -
.q_, — -—
; = -
o
L L Q® _
£
£ &
o b ". pe—
= %
~ ®
@) L)
O — -
O
| O |0 Hz
® 50Hz
|0~6 | ] |
1.0 2.0 40
AK, MPavm |

Fatigue crack growth rates as a function of frequency

Figure 4.1
in Celcon.

62




1072

da/dN, mm/cycle

10°6

Figure 4.2 Fatigue crack

l T T 1
DELRIN
®
- . n
- w oot
- C -
— @ —
L O -
o
- & -
Q’OJ CELCON |
S o I0OHz
e 50,00 Hz
] l | 11
1.0 20 4.0 6.0
AK, MPavm

in Delrin.

63

growth rates as a function of frequency




100 |

1072 T T T T T 1 |
1073 _
PV
NYLON DF
L
(&)
>
(P
~
E
E
= 1074 I~ -
o
~
O
©
10°% |- |
PA
10-6 l ' l I L1 1
20 40 6.0 80
AK, MPavm

Figure 4.3 Comparison of fatigue crack growth rates at
Nylon 6,6, PVDF and Delrin.

64

10 Hz in




1073

da/dN, mm/cycle
q
|

CRYSTALLINE
POLYMERS

10° - :
- 1 {
10- b—1
1074 1073 1072
AK/E, vim

Figure 4.4 Comparison of crack growth rates in metals and crystal-
line polymers as a function of the normalized stress in-

tensity factor, &K/E.
65




By increasing the frequency from 10 to 100 Hz, a change was
notad in the slope of the da/dN vs AK curve in Delrin (Figure 4.2)
while Celcon was unaffected. This result contradicts previous FCP
studies of crystalline polymers wherc no frequency sensitivity was
evident. The increased slope of the crack growth rate-pK plot at
high test frequencies in Delrin appears to be related to a change
in the mechanism of fatigue crack growth. At the higher frequencies
a series of macrobands perpendicular to the direction of crack
growth are evident while none were observed under 10 Hz testing

13 20,23
a

conditions. Similar bands have been scen in PS and PVC nd

have been attributed to a discontinuous crack growth process with
crack advance occurring in bursts after remaining sessile for thou-
sands of cycles. (This mechanism will be discussed in greater de-
tail in Chapter V.) Evidence for a discontinuous crack advance
process is shown in Figure 4.5 where the large scatter in crack
growth rates at 100 Hz is apparent. This is compared with the mono-
tonic increase in FCP with AK for the Delrin samples tested ét 10 Hz
where no fracture bands were observed. Since the increment of crack
advance following each stationary period was comparable to the
typical increment over which crack extension data were collected,
one would expcct to find more gcatter in the FCP data. Celecon
exhibited discontinuous crack growth at both 10 and 50 Hz test
conditions. Note the excellent correlation between Celcon and 100

Hz Delrin fatipue data (Figure 4.2). (The mechanisms of fatigue

crack propagation in PA will be discussed further in Chapter v.)
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4.2 Tne Effect of Molecular Weipght on FCP and Fracturc in PMMA

and RVC

4.2.1 Introduction

The mechanical properties of a polymer are known to be a strong
function of molecular weight (M) and molecular weight distribution
(MWD).49 These tensile properties which increase with M tend to
reach a platecau at some high value of M. The tensile strength as
well as the fracture energy continue to increase slightly beyond
this M while the elastic modulus appears to remain constant,so’51

At present the cffect of M on fatigue crack propagation has

not been evaluated in any polymer. Fatigue life studies of unnotched

on of M have shown a dramatic dccrease in fa-

tigue life with decreasing M in PS (1.6 x 10° < H, < 8.6 x 10°)29530

and PVC (5 x 104 < ﬁ; < 2x 105 .31'32 Unfortunately, crack growth

test bars as a functi

rates are not available from studies of the type referenced above.

An attempt will be made to evaluate the fatigue response of PMMA and

PVC as a function of M.

4.2.2 Results and Discugsion

Fatigue crack growth rates in PV& as a function of AK for ﬁ;
ranging from 225,000 to 60,500 are shown in Figure 4.6. Analogous
data for bulk and emulsion polymerized PMMA over the range in ﬁ;
between 1 x 105 and 8 x 106 are shown in Figures 4.7a and b,.
respectively. Although the growth rate curves are not quite linear,

they are gencrally parallel to one another. The continuous shift to

higher growth rates with decrcasing M in both PVC and PMMA is obvious.
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These results can also be depicted by comparing da/dN for different
values of M at an arbitrarily chosen value of AK (0.6 MPa Jm). The
resultzs for PMMA, shown in Figure 4.8, indicate an increase in da/dN
with decreasing Ev' Below ﬁv’; 2 x 105, the crack growth rate sensi-
tivity to ﬁ; is greatest. Crack growth rates vs M in PVC at constant
AKX are shown in Figure 4.9. A change of nearly 3 orders of magnitude
in da/dN is apparent over the range of M tested. In both PVC and
PMMA, the strong relationship between da/dN and M is exponential with
da/dN varying with exp (1/M) (Figure 4.10). Although the effect of
M on da/dN is greatest at low M, it persists to the highest process=
able values of M, usually above the point where static properties

arc relatively insensitive to further changes is M.

Figure 4.8 also shows that at a given value of M, emulsion
polymerized RMA specimens exhibit higher rates of crack growth than
those polymerized in the bulk. This was not believed to be related
to unsatisfactory primary particle bonding since preliminary imspec-
tion of the fracture surface revealed no evidence of decohesion
along original particle boundaries. Often the ecmulsion polymeriza-
tion process leaves small amounts of emulsifier in the bulk polymer.
It is possible, however, that traces of diluent can deleteriously
affect crack growth rates.

Valuzs of Kc were considered approximately equal to Kmax calcu-
lated from the last stable value of AK prior to fast fracture.

These data are shown for PVC and PMMA in Figure 4.11 and 4.12, xe-

spectively. Here Kc is seen to increcase as M is increased. With
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Figure 4.8 Effect of M on FCP rate (at 6K = 0.6 MPa/m) in bulk
and emulsion polymerized PMMAL

73

€
O
o
=
w
O
1]
x e
4 ——— e e =N
©
[+ 3]
©
>
L
£
E
=
5
© O
10> O
10° 108
Mv

e e o e B3 s




[P

0.6 MPavm

da/dn (mm/cycle) at AK

102} O | | .
103} -
@
104} -
g
O
10> 06 0 20

MWx 107

A7
Figure 4.9 Effect of M on FCP rate (at AK = 0.6 Mpa/m) in PVC.

74




IOQ%%

+5)

| 1 !

Figure 4.10

5 10 15
(1/M) x 108

Exponential rx}a&g.onship between da/dN and 1/M in
PMMA and PVC.
75




G¢e

L

... '0Ad 30 ssauydnoj _2an3dei] uo } JO 323333 [I'%H 2an813

SOIXMA -

0¢ gl Ol 80 90

[  § I T r

IAd

el O ¢ s RS | gt ot

s




1.2

/_O
ok o—"° -
'E 08 *-/
5 06l® -
=
Q 04r
02+ |
0 |
0% 106
My

Figure 4.12 Effect of

M on fracturc toughness of fmnmf

77

6

107

s o~




e LY o m

pPvC, only a slight decreasc in the slope of the Kc-ﬁ; curve is evi-

dent as all polymers tested are still on the rapidly rising portion

of the curve. PMMA, however, demonstrates a leveling-off of tough-

ness above ﬁ;«v 105. From Figure 4.13, it may be seen that values
of fracturec energy obtained for all PMMA specimens, regardless of

method of preparation, show a similar trend.

These data are also in agreement with those published by Berry

50,59

and Kusy and Turner. Note again that although Kc is reclatively

insensitive to M above ﬁv = 2 X 105, FCP rates continue to decrease

by an order of magnitude.

The effect of M on KC and FCP rates must now be explained in

more detail. It is generally accepted that crack growth in PVC and
PMA as well as most glassy polymers is almost always preceded by

gsome craze growth. It is, therefore, the stability of the craze and

not the properties of the bulk material which should determine the

FCP response of a polymer. In 1964, Berry53 suggested that a stable

craze would develop if the molecular weight were sufficiently high

for molecular chains to span the craze. Similarly, Gent and Thomag

reported that the development of strength and toughness can only

occur when M exceceds & critical value for chain entanglements.

xambour61 concluded that some higher level of M (2 x 105 in PMMA)

is required to produce maximum craze stability. Both statements

e in agreement with the observation by Fellers and chGz that low

values of M lead to weak crazes in PS. Martin and Johnson31’32

ar

noted an increase in craze thickness (an indicator of greater craze
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stability) with M in PVC.

6
Recently, Weidmann and Doll 3 and Kusy and Turncrs0 have given

further support to Berry's hypothesis that crazc stability is re-

lated to the ability of molecular chains to span the craze at the

crack tip. Wellinghoff and Bacr6a have shown that only a small

fraction of high M polymer (long chains) can greatly enhance the

spanning of crazes. However, the concept of complete cxtension of

single molecular chains spanning the crazc has been found by Kauscgs

to be somewhat unrealistic. He concludes that crazes are spanncd by

coils comprised of many cntangled molecular chains. At high molecu-

lar weight, the coils contain more entanglements. In static fracture

tests, the improvement of Kc with M will tend to saturate when fur-

ther entanglements do not measureably strengthen the craze.

while the above argument may rationalize the leveling off of

fracture properties with increasing M, the continuous improvement in

FCP behavior with M has not been explained. Onc may hypothesize

that the nature of fatigue loading may tend to disentangle progres-

sively a molecular network. Thercfore, a low M polymer with few

entanglements should disentangle most readily and as a result lead

to prematurc craze breakdown; this in turn, would lead to acceler-

ated fatigue crack propagation rates. Conversely, a high M polymer

with many entanglements should offer superior resistance to any

disentanglement which may occur during cyclic loading. Consequent-

ly, crack growth rates should decrease.

From the precvious discussion, the importance of M on fatigue
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crack nrowth rates is clearly evident. This cffect is so great that

changes in M can overshadow the inherent variation in FCP properties

in diiferent polymers.

Prllimhdadbni
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4.3 The Effect of Plasticizer on the Fatiguc and Fracture Properties
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4.3.1 Introduction
The role of plasticizer content on the cyclic response of poly-

meric solids 1s almost unknown. Only in two studies has the effect

r on FCP been examined. Suzuki gg__}333 have shown that

of plasticize

fatigue crack growth rates at low test frequency in FPVC increased

with dioctyl pthalate (DOP) content. Manson and Hertzberg reported

similar results in nylon plasticized with HZO'

4.3.2 Results and Discussion of External Plasticization of PVC
at—————— — — ———

The effect of DOP on the FCP response of PVC was quite surpris-
ing. Figurec 4 .14 shows that a change in DOP content from O to 13%
produces a minimal change in crack growth rates. It is important to
note that thesc data contradict those reported by Suzuki33 who found
a significant increasc in da/dN when DOP was incrcased from 0 to 20%.
While the reason for this discrepancy is not known, the test by Suz-
uki werc performed at a frequency of 0.25 Hz, much lower than the
10 Hz used in this study. It is known that an increase in DOP con-
tent decreases the TIg while incrcasing damping and an increase in

the viscoelastic nature of deformation in FVC. Conceivably, with

increasing 7% DOP, localized crack tip heating may occur at the
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Figure 4.14 Fatigue crack grow};‘t} rates in PVC as a function of

M and percent DOP.
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hizher frequency which will lead to crack tip blunting and lower

crack growth rates. This effect may mask any real decrease in
fatigue strength which may occur by diluting tiie polymer network.
while FCP tests at a frequency of 10 Hz were casily performed

at DOP contents from O - 137, no FCP data werc obtained from speci-

mens containing 20% DOP. The sensible crack tip heating and blunt-

ing caused crack growth to ceasc after some minor crack advance.

Apparently, the low Tg and high damping of heavily plasticized PVC

causes excessive hysterctic heating at even moderate frequencies.

The effect of 7 DOP on Kc is rather complex. At 6% DOP, PVC

suffers a massive drop in toughness at all molecular weights (Fig-

ure 4.15). This embrittling effect of DOP closely parallels the
antiplasticizer effect wherein small concentrations of plasticizer

are believed to inhibit segmental mobility by filling free volume

and increasing polymer stiffness while simultaneously decreasing

toughness. when DOP content is increased to 13%, K, is only

slightly reduced from the unplasticized specimens (Figure 4.15).

This minimal effect may reflect a slight dilution of the PVC net-

work.

4.3.3 Results and Discussion of Internal Plasticization in

—

BA-PMMA Copolymers

The FCP response of FPMMA internally plasticized (copolymerized)
with butyl acrylate (BA) is quite apart from the externally plas-
ticized PVC results discussed earlier. From Figure 4,16, increasing

amounts of BA in A (at constant Mv) is seen to have a pronounccd
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Figure 4.16

Effect of copolymerization with a plastickging co-

monomer, BA, on the FCP behavior of RMMA.
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but complex effect on fatigue crack growth rates. As 7 BA is in-
creased initially, growth rates approach a maximum while toughness
is lowest at approximately 807 MMA-BA. Upon'incrcasing BA to 30%,
the FCP growth rates dcereased for any given &K level while the
toughness bccame superior to values associated with the unplasti=
cized material. A comparison of this copolymer with commercially
available PMMA indicates similar fatigue and fracture properties.
Although it is unlikely that commerdal PMMA contains 307 of some
copolymer, clcarly it is not pure homopolymer. A study of the
slopes of the growth rate curves shows no definite trend as a func-
tion of BA. As was noted in PVC, above a certain plasticizer con-
tent, 307 BA, fatigue crack growth was not experienced and was
believed to be due to the observed localized heating and presumed
erack tip blunting. Total crack growth in thesc specimens was
negligible.

The fatigue response of BA-MMA copolymers indicates the possi-
bility of several competitive fatigue processes. Since values of
damping (tan §) are unchanged up to 207 BA (see Table III), the
differences in FCP at low BA must be related to changes in the
mechanical propertics rather than thermal softening. Consequently,
at low BA contents, increasing BA improves ductility at the expense
of strength. This cffect would be consistent with the tendency of
molecules with large effectiver cross-gsectional areas to be wecaker

than those which are smallcr.56 As % BA is further increased, crack

blunting due to controlled localized thermal softening decreases
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da/dy and increases apparent toughness. At still higher BA contents,

thercal softening prevents any stable fatigue crack growth.

4.4 The Effect of Crosslinking on Fatipue Crack Propagation in

Egoxies

4.4.1 JIntroduction
with increasing interest being directed toward wmaterials with
high strength and modulus but low density, the crosslinked polymers

are receiving renewed attention. Of greatest importance are the

heavily crosslinked epoxies. They are used most often in adhesive

joints or composite matrices where their low iaherent roughness is

not necessarily detrimental.

The mechanical properties of crosslinked materials have been

related to the crosslink density or molecular distance between cross-

links (Mc). While the elastic modulus and strength reach a maximum

54,55

at the smallest Mc, the toughness reaches a minunum.

The FCP response of crosslinked polymers has received little
attention. Hertzberg and Hansonl reported the FCP response of
lincar PS to be somewhat superior to CLPS. The crosslinks in CLPS
were believed to reducc the capacity of PS to craze. Without
erazing as a mechanism of enexgy dissipation, crack growth rates in-
It has been reported that crack groch rates in uncross-

linked polymers are secn to vary with a linear function of AK56 and

creasecd.

57 . . R
are also sensitive to mean stress. Tomkins and Biggs have indi-

cated the possibility of limited crazing preceding crack growth.
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The effect of MC on FCP is completely unknown .

4.4.2 Results and Discussion
Figure 4.17 shows the cffect of crosslinking density (MC) on
crack growth rates in methyl dianiline cured epoxies (sec Appendix 11

for details of sample preparation). Note the constant shift to higher

crack growth rates with increasing epoxy content (decreasing Mc)’
The most unusual aspect of these growth rate curves are the exceeding-

ly high slopes (7.7 to > 20) (Figure 4.18). Closely paralleling the

fatiguec behavior is toughness, KC, which shows a continuous increase
with decreasing epoxy content (Figure 4.19).

Considering the inproverent in {fatigue properties which occurs
with increasing M, @ correlation between molecular chain mobility
and fatigue resistance may exist. Given that some plastic deformatim
at the crack tip is required for FCP in any material, those materials
which offer the greatest cnergy dissipation during deformation should
exhibit the most resistant fatigue bchavior. Clearly, a low Mc pro-
duces a tightly constrained structure intolerant of plastic deforma-
tion. Under these conditions, the ecrack tip is believed to be quite
sharp inducing a high effective BK and consequently crack growth
rates when subjected to cyclic loading. Convcréely, as Mc is in-
creased and the structure assumes that of a nearly linear polymer,
the loose molecular network permits greater molecular flow. With
increased capacity for encrgy dissipation and crack tip yielding, the
effective AK and da/dN should drop. The increase in plastic deforma-

tion with increasing Mc is apparent by inspection of the fracture
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.17 Effect of amine:epoxy ratio on fatigue crack growth
rates as a function of AK in Series A epoxies.
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surface where a gradual roughening with MC is noted.

The continuous increase in toughness with NC also seems consis-

tent with the previous argument. Increasing the capacity for plastic

deformation should enhance the total fracture energy; consequently,

toughness should rise. However, thesc data contradict those pub-

lished by Selby and Miller43 which showed toughness to reach a maxi-

mum at an intermediate MC. No rationalization can account for this

discrepancy.
Figure 4.20 shows the cffect of Mc distribution on crack growth
in epoxies wherc the average Mc was maintained at stoichiometry

(MC = 326). Note that no clearly discernible trend in crack growth
rates or toughness is cvident. Since the Mo distribution may be of
{nsufficient width to produce a real effect, the importance of this

variable in controlling fatigue resistance is not yet clearly under-

stood.

4.5 Conclusions

1. ‘The fatigue response of polyacetal was found to be
superior to all known polymers. A slight frequency
effect rglated to a fracture mode transition was
evidenced by an increasec in the slope of the crack
growth rate curve with increasing frequency.

2. Both fracturc, toughness and fatigue response in
both PMMA and PVC werce affected by changes in
molecular weight. While toughness was increased by

a factor of 2.5, da/dN decreased by 10° with
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increasing M over the same M range. A similar but lesser
effect was noted in PMMA. Apparently, static properties
such as toughness reach a limiting value when

increase in the extent of chain entanglements does little
to increase the strength of the craze preceding the
crack. Under cyclic loading conditions, the molecules
spanning the craze will become disentangled. By
increasing the number of entanglements at high M,
disentanglement is partially suppressed ; cénscquently,
da/dN is lower.

The effect of plasticizer content on the fatigue and
fracture properties of externally plasticized PVC (with
DOP) and internally plasticized PMMA (BA copolymerized
PMMA) were dissimilar. Except for a reduction in tough-
nessg in PVC at 6% DOP, an external plasticizer had
relatively little effect on Kc or FCP in PVC. With
increasing BA contents in PMMA crack growth rates
increased while toughness decreased. At 30% BA, the
FCP response and toughness had improved. This behavior
was explained in terms of interrelated mechanical and
thermal processes.

A decrease in Mc was seen to increase da/dN and decreasc
toughness. One may speculate that the increase in
structure rigidity incurred at low Hc is incapable of

enduring large scale plastic deformation. With any
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cyclic loading, the crosslinked crack tip network is

damaged. FCP is then enhanced.
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V. Fatiszue Fracture Surface Analvsis of Polvmers

5.1 Introduction

Considerable effort has been directed toward the identification
of fatiguc fracture mechanisms through fracture surface analysis.
Much of this work had been performed previously under monotonic
loading conditions. Such researchers as Kambour34 and Murray and
1{111].35-37 demonstrated the importance of crazing and craze-crack
interactions in the static fracture of PS. However, less emphasis
has been placed on mechanistic studies of fatigue fracture. Yet to
understand why one polymer is more fatigue resistant than another,
requires additional information about the actual fracture processes
in each material. One of the most useful methods of analyzing
these mechanisms has been through the interpretation of morphologi-
cal features observed in fatigue fracture surfaces. Transmission
and scanning electron microscopes are used extensively for this

purpose.

Several previous studies of fatigue fracture surfaces in glassy

polymers have shown the presence of many different markings%’ls’zo’

23,68-77 The best understood of these are the parallel striations,
oriented perpendicular to the direction of crack growth, which in-
crease in size with increasing stress intensity factor range. When
the width of these bands were compared with the macroscopic crack
growth rate (measurd along the specimen surface) in polycarbonate,

1
good correlation was noted. Therefore, one fracture band must have
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Yeea formed during each load cycle, thercby reflecting the total
crack front advance as a result of each load excursion. Under these
conditions, it has become common practice to refer to these mark-
ings as striations.

These fatigue striations become smaller and eventually dis-
appear as onc moves back toward the origin of crack growth (i.e.,
smaller crack sizes and lower AK levels). At very low AK levels,
the fracture surface appearance becomes smooth and mirror-like%3’
72-76 In this region another scries of parallel markings becomes
evident. Like the fatiguec striations, these bands are also per-
pendicular to thc direction of crack growth and increase in size
with increasing AK. However, a comparison of the band spacing and
the macroscopic crack growth rate reveals that each band was not
formed during one load cycle but rather over hundreds or even thou-
sands of load excursions. The mechanism for the formation of these
bands has been shown to involve a discontinuous crack growth process

with ecrazce formation playing a dominant rolc]Z3’20’71 These mark-

20 13 40
ings have been found in PVC, PS, and PS-PU, a&all uncrosslinked
glassy polymers with a strong propensity for crazimg. It has been

suggested that the width of these bands represents the size of the
local plastic zone ahead of the crack cip%3’20’23 Employing the
plastic zone model, a yield strength was inferred which

agreed well with the reported craze stress for the materia1%3’23

Dugdalc78

A further discussion of this analysis will be given later.
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Tatigue fracture surface analysis of crystalline polymers is

coaplicated by the two phase structure comprised of both crystal-

lites and amorphous regions. However, some evidence of the pres-

ence of fatigue striationms in nylon has been reported by Manson and

Hcrtzberg1 and Tomkins and Biggs?g In studies of FCP in PE at low

4
growth rates, Andrews and Walker 8 found crack growth to progress

by a transspherulitic mechanism. With increasing AK, crack advance

became interspherulitic indicating the weakness of the spherulite -

spherulite boundaries under more extreme loading conditions. Only

one known paper by Crawford and Benham5 discusses the appearance of

the fatigue fracture surface of PA. They rcported the presence of

many regions of irregular-shaped striations or ripples. Since their

width (200-500 X) {s about the same as the dimension of a typical

lamellae in a crystalline spherulite, interpretation of these mark-

ings as striations is open to question without macroscopic crack

growth rate information.
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3.2 Results and Discussion

5.2.1 Macroscopic Evidencc of Discontinuous Growth Bands

At low AK levels in glassy polymers with Tl = 2 x 105, the
characteristic macroscopic appearance of the fatigue fracture sur-
face is smooth and mirror-like as shown in Figure 5.1. A higher
magnification of thesc regions (Figure 5.2) reveals hundreds of

parallel bands lying perpendicular to the direction of crack growth.

These bands are found in PVC, PC, PSF, PS and low M, PMMA (sce be-
low for discussion of cffects of M on band formation). The fracturc
surface of PA is considerably rougher; however, gsimilar fracture
gurface markings are evident (Figure 5.3). In each polymer, the
band size increases monotonically with AK. Fronm Figure 5.4, it 1is
evident that this increase follows a second power relationship for
Pvc; PMMA, PS, and PA throughout the AK range where the bands exist.
C and PSF, the data conform to a sccond power cor-

For the case of P

relation only over a small AK range. This deviation occurs simul-

taneously with a transition in the fracture surface appearance from
smooth to a rough texturc as shown in Figures 5.1b and c¢. During
crack growth the rough region associated with multiple crazing (in
which the main crack jumps from one craze to another) is observed
to lag bchind the smooth region as shown schematically in Figure
5.5. This per Lurbation of the crack front profile may.be respon-
sible for hindering the development of each band and as a conse-

quence may cause the observed complex dependence of band size on
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i in PC and PSF.

It was suggested previously in studies of PS13 and PVC%°’23

that the band size represents the extent of stable craze development

ahead of the crack tip. Assuming the craze dimension to be equal

to the crack tip plastic zone length (ry), one may infer an apparent
yield strength (oy) (presumably a constant value) at different Kpgx
80-82

levels through the use of the Dugdalc78 plastic strip model

which yields the following equation:

1§ Kmax
Ty~ 2 (5.1)
8 Oy

Figure 5.6 shows the inferred yield strength calculated for PS at
different AK valucs%3 This quantity is obsecrved to be relatively
invariant over a considerable AK span with all data falling within
the range of reported crazc strength values. Of the data plotted
in Figure 5.6, those marked by open points were determined from

100 Hz test specimens and the two solid points were evaluated at

10 Hz. Note the minor cffect of cyclic strain rate on craze stress.
This behavior is in agreement with the low sensitivity of craze
gtress to changes in static tensile strain rate. 1t is to be
noted that all data lie considerably below values reported for ho-
mogeneous shear yielding. Since PS crazes before general yielding
under tensile loading conditionms, this result seems reasonable.

§imilar measurements and calculations were made for FVC, PMMA, FPC,

and PA (both Celcon and Delrin), taking band size values from the
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linear portions of the log-log curves in Figure 5.4. Tnese results

are tabulated along with reported triaxial yield strength data in

Table 5.1. Again good agrecment is noted. On initial reflection,

it is surprising to find good agrcement between craze strengths ob-

tained from a tensile test and thosc reported here under fatigue

conditions at relatively high frequencies. It should be pointed

out, however, that the fatigue crazes associated with DG band for-

mation grow to their stable length only after many cycles. As such,

the effective strain rate is actually low. The triaxial yield

strength secems to be a more accurate representation of the yielding

process at the crack tip at low K values where the plastic zone is

small and plastic constraint and tensile triaxiality are at high

levels.

Although the macroscopic appearance of these crack growth

bands are geomctrically similar to fatigue striations which are

formed during one load excursionm, crack growth measurements in-

dicate that many cycles were required to allow the crack to prop-

agate through cach band. In dividing the band width by the macro-

scopic FCP rate, it is secen that for the test conditions employed

in this study, up to 75,000 (for PA) cycles were necessary to ad-
vance through a distance cqual to the band width (Figure 5.7).

The recognition that such bands exist in these six materials

bears directly on failure analyses of components made from thesc

polymers. If such bands were observed and misinterpreted as fatigue
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TABLE 5.1  YIELD STRENGTHS OF POLYMERS INVESTIGATED

Mean Inferred

Yield Strength Reported Plane
Polymer (Standard Deviation) Strain Yield Strength
(MPa) (MPa)
PC 81 (3.6) 61 - 825°
Pve 82
(commercial) 51 (3.1) 47 - 65
(suspension
1"

polymerized) 0% DOP 70.6 6.4)

" 6% DOP 55
" not available
" 3% pop 37
PSF 79 (1.5) 67 - 808°
PS 38 (1.84) 3872,83
PMMA
(molded resin) 73 (2.9) v
(bulk polymerized) 81 (0.95) v 8384
(emulsion poly~-
merized) 87 (1.4)
PA .
Celcon 89.6 8985
Delrin 99. 975
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striations, one migﬁt conclude incorrectly that most of the fatigue
life was consumed during fatigue initiation with only a few cycles
involving FCP. In fact, this conclusion would underestimate the

propagation stagce of the fatigue life by more than three orders of
magnitude in the amorphous polymers and by almost five orders of
magnitude in PA. For this reason, it is extremely important to

examine the micromorphological differences between these two mark-

ings.

5.2.2 Micromorphologv of Discontinuous Growth Bands

A higher magnification of the discontinuous growth bands shows
a distinctive morphology common to all amorphous polymers tested.
From Figure 5.8, the sur face of each band is seen to contain

microvoids, decreasing in size in the direction of crack growth.

In a previous study of these markings in FVC, Hertzberg and Mansonzo

showed these bands to be formed by a discontinuous ecrack growth
process shown schematically in Figure 5.9a. It was concluded that
under cyclic loading conditions, a single craze would grow to a
s;able limiting size characterized by the Dugdale plastic strip
dimension. The crack was then envisioned to propagate rapidly to
the tip of the weakened craze. The rapid fracturing of the craze
would occur by a void coalescence mechanism with the void size dis-
tribution reflecting the internal structure of the craze just prior
to crack extension, as determined by the crack opening displace-

ment distribution at the craze tip. Blunting, represented by the
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Figure 5.8

continued.
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strac-cn zoae following each band and crack arrest would occur when

the crack reached homogeneous uncrazed material. This discontinu-

ous crack growth mechanism was confirmed during the fatigue test

by observations of crack tip jumping, which occurred intermittently
after the crack tip remained stationary for several hundred load-

ing cycles (Figure 5.9b). In low ¥, plasticized PVC each jump was

accompanied by a slight but audible "click" which confirmed the oc-

currence of a discontinuous cracking process.

The previous discussion provided a generalized view of the
discontinuous crack growth mechanism. A more complete analysis of
crack growth through a craze is now required to describe certain
variations in discontinuous growth band (DGB) morphology. All
polymers examined, and especially PS and PVC, showed a narrow re-
glon of coarscr microvoids immediately preceding the stretch zone
(i.e., at the end of the DGB). Close examination reveals this re-
gion to be comprised of intermediate sized voids. It is believed
that the presence of these voids reflect changes in the rate of
crack growth through the craze. The velocity of crack penetration
of the initial portion of the crazc is quite high due to the low
cnergy neceded to fracturc a region consisting predominantly of
large volds. As the crack approaches the end of the craze where
the void size diminishes and the craze becomes more densc, addi-
tional encrgy would.be required for failure. This should result

{in a decrease in crack velocity prior to blunting, thereby provid-
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ing additional time for void coalescence at the end of each.band.

This region is most prominent in PVC and PS in which crazes develop

readily.

Another aspect of DGB morphology relates to the position of the
largest voids in each band which should correspond to the region of
maximum tensile triaxiality. From Figure 5.8, these voids were

found in all polymers at distances of from 1/6 to 1/3 of the band

width from the origin. For an infinitely sharp crack, maximum tri-
axiality will exist at the crack tip. Since blunting occurs after
craze fracture during discontinuous crack growth, the crack tip ra-
dius is most certain finite. From the results by Creager and Paris,
{t can be shown that the region of maximum triaxiality will move
further away from the crack tip the greater the crack tip radius.
Hence, the greatest void size should also occur away from the end
of the stretch zonc (i.e., the crack tip). While no attempts to
measure crack tip radii were made in this study, it is interesting
to note that the tougher polymers, PSF and PC, which should exhibit
appreciable blunting, showed maximum void diameters furthest from
the DGB origin.

An additional variant in DGB morphology was found in PVC at
high growth rates just before fracture. As shown in Figure 5.10a,
the last five bands contained smaller parallel markings located to-
ward the end of each DGB. The morphology of thesc bands (Figure

5.10b) is indicative of crack jumping from one craze interface to

another. Similar fracture markings were reported by Murray and
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Figure 5.10 (a) SEM fractograph revealing presence of smaller
parallel bands within bands nearest the final stable
crack front location. (b) Note evidence of crack
jumping between ¢raze in%crfaces in the layered
structure of the bands.A
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=37
Hu1135 in rapid fracture studics of PS. This PVC fracture sur-

face featurc probably reflects the fact that the velocity of crack
growth through thesc last few crazes was approsaching conditions as-
sociated with rapid fracture. The obscrvation of these markings

only in PVC is reasonable since it is the only polymer in thc group
examined to sustain discontinuous crack growth until final failure.

From the previous discussion, it is apparent that crazing must
play a critical role in discontinuous crack growth in amorphous
polymers. Conscquently it is not surprising that DG bands are
found in PS, PMMA and PVC, materials which craze easily; however,

PC and PSF are not observed to craze in inert environments undecr
monotonic loading conditions in unnotched samples§7 One might at-
tributc the presence of crazes in these materials to the large tri-
axial stresses at the crack tip and perhaps also to the cyclic na-
ture of the loads.

Clearly, thc above analysis of discontinuous crack growth in
amorphous polymers cannot be applied directly to crystalline poly-
acetal. The presence of a discontinuous crack growth process in
PA is supported by the extensive scatter in crack growth data (Fig-
ure 4.5). Since the band spacing was found to be nearly the same
as the typical increment over which crack extension data were col-
lected, one would expect to find more scatter in da/dN if the bands
in PA werc DGB. A higher magnification of these bands (Figure 5.11)
als them to be ill-defincd and dissimilar to those shown in

reve

Figure 5.8. From Figure 5.11, no evidence of a void gradient or
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SEM fractograph of discontinuous growth bands in
Delrin. Vertical arrows indicate the origin of each
band and horizental arrow gives the direction of

crack growth.

Figure 5.11
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any indication of crack growth through a craze is apparent. It

would appear that the ability to form simple crazes is not necessary

for the discontinuous crack growth process to occur. Conceivably,
any polymer that can develop a narrov region of plastic deformation
ahead of the fatigue crack which can be weakened by load cycling
may be subject to discontinuous crack growth. Further analysis of

the micromorphology of the fracture surface of PA is discussed later.

Since FCP in the discontinuous crack growth regime depends

primarily on the characteristics of the plastic zone or craze ahead

of the crack, those matcrials which require a large number of cycles
(N) to rupture this zone should prove to be most fatigue rcsistant.

From Figure 5.7, N is observed to decrease with increasing AK for

all polymers tested. This rcflects the {increasing amount of damage
accumulated in the craze per loading cycle with increasing AK level.
In Figure 5.7,PA demonstrates a damage zonc cyclic stability, two to
three orders of magnitude greater than the amorphous polymers. This
reflects the well known superior fatigue resistance of crystalline
polymers relative to amorphous polymers.

However,_if one compares only the amorphous materials in Figure
5.7 with thelr respective crack growth curves in the AK regime where

DGB arc prescnt (Figurc 5.12), it is apparent that the trend in band

eyclic stability does not correspond to the observed macroscopic
fatigue response of the various materials. This lack of correlation
is believed due to the large variation in the yicld strength which

causcs the band size to differ drastically. (Recall that the Dug-
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Figure 5.12 Relationship between crack growth rate per cycle in
those amorphous polymers which exhibit DG bands as

a function of AK.
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dale plastic zone dimension varies with inverse square of oy.) 1f

two materials could be compared with similar cy the effect of craze

stability on crack growth rates (da/dn) could be isolated. Such a

comparison is made in Figure 5.13. A bulk polymerized PMMA (ﬁ; =
1.1 x 105) and commercial PC have approximately the same inferred oy

(approximately 80 MPa). It is apparent that the number of cycles

required to fracture the craze in PC is nearly two orders of magni-

tude higher than PMMA. The effect of this difference in craze

stability may be seen 1in the FCP data in Figure 5.13b where for a

given 4K, A has a crack growth rate about 50 times higher than PC.

5.2.3 Effect of pK and Freguency 00 DGB Formation

piscontinuous growth bands are found to exist near the origin

of crack growth where short single crazes arc known to precede crack

growth. (This generalization may not apply for the case of PA growth

bands.) In a majority of the polymers tested, the bands disappear at

the point where multiple crazing begins. This suggests that DG bands

are more readily generated when AK levels are low enough to prevent
the development of craze bundles which tragment the crack front.
The effect of frequency on discontinuous crack growth is not

the same in all polymers tested. In Celcon, PVC, and low-.r«-iv PMMA,

DG bands have been found at all test frequencies while Delrin, PS,

PC, and PSF requirc high frequencies (100 Hz) for their formation.

The need for high frequency in some polymers may be traced to the
effect of frequency on craze formation. At high loading rates which

occur during rapid cycling, little time is available for the initi-
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ation and growth of many crazes. As a consequencc, the region asso-
ciated with single craze development is stabilized relative to the
formation of craze bundles. In crystalline Delrin, the high fre-
quency may serve a similar function by producing a narrow zone of
plastic deformation. In both crystallinc and amorphous polymers,

this appears to be conducive to the prolonged stability of DG band

formation.

5.2.4 Effect of External Plasticizer and M on Discontinuous

PVC plasticized with DOP shows the presence of DGB at all &K
levels from ﬁ; = 96,000 to 225,000. wWhile DOP content was seen to
have little effect on da/dN, it has a pronounced cffect on DGB size.

From Figure 5.14, the DG band size increased with % DOP, independent

of ﬁ;. Since band size increases with the second power of the

stress intensity factor, the inferred yield strength is seen to de-

crease as a function of DOP added (sec Table 5.1). vhile triaxial

yield strengths as a function of plasticizer content are not avail-

observed trend is consistent with the de-

crease in uniaxial yield strengths with % DOP.33

able for comparison, the

Although the effect of M on DGB development is not clearly

understood at this time, & possible trend may be seen. From Table

5.1, all polymers exzmined in this study which exhibited DG bands

had Fv < 2 x 105 (Q; of PA is unknown). No DG bands were visible

in pure bulk polymerized (cast) PMMA over a range of ﬁ; = 3 x 106

go 1.9 x 105 nor were any visible in commercially cast PMMA vhere
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Figure 5.14 Effect of plastic'izer content on discoptinuous growth
band size in PVC as a function of OK.
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ﬁv = 1.6 x 106. However, in bulk and emulsion polymerized PMMA,
polded PMMA resins, and all other polymers with R;.S 2 x 105, DG

bands were visible.

A molecular weight of about 105 or 2 x 105 may represent a

critical condition for craze stability in the presence of cyclic

loading. For low-M polystyrene, Fellers and Kee88 showed crazes to
be short and weak. A similar craze weakness at low M was also

reported, Kambour.sg The cyclic deformations associated with dynamic

loading may induce the short molecular chains to disentangle causing
failure of the craze to occur at relatively low loads and over a
small number of fatigue cycles. At higher M, the molecular chains
are longer and chain entanglements more effective in resisting chain
sliding during fatigue. The crazes which form in high-M materials
should then be stronger, thus requiring a greater driving force
(higher AK) for failure to occur. Such materials are also seen to
form craze bundles readily. All these characteristics of high M
crazes will not favor DGB formation, and may account for their ab-
sence at M values above approximately 105. Although specimens of
PSF, PC, PVC, and PS with 'r'xv > 2 x 10° were not available, one might

suspect such materials to be more resistant to DG band formation.

The simple chain disentanglement model offered above can be

further developed by utilizing an approach presented originally by

Betry53 and later, in more detail, by Kusy and Turner.so They sug-

gested that craze stability could be maximized only if the molecular

chains, vwhen extended, were long enough to be anchored at each in-
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ternal face of a craze. However, Kauschs4 has shown that complete
molecular extension is physically unrealistic. 1In the unstrained
condition, the amorphous structure is assumed to consist mainly of
interpenetrating coils of molecular chains which elongate upon appli-
cation of a stress. When crazing occurs, fibrils are formed which
consist of a series of these stretched coils. The coils are believed
to be extended by only a factor of 2 or less. In any case, it is
conceivable that under cyclic loading, the interpenetrating coils
begin to slip past each other so that the total number of chains en-
tangled in the fibrils decreases. Since the size of the coil varies
.with /ﬁ}go coils of a high-M polymer will intrinsically have a more
dense nctwork of entanglements than coils of a low-M polymer. Con-
sequently, after a given number of cycles at a particular AK level,
the material with the higher M will retain a more effective entangle-
ment network than a polymer with a lower M. As a result, the fibrils
within the craze of the higher-M material should be stronger and
hence, more resistant to fracfurc by discrete bursts across the
craze's entire area. Above some limiting value of MG 2 x 105 from
experimental data), 1t is suggested that catastrophic craze break-
down no longer occurs with slow slippage of the coils occurring in-
stead; this results in continuous FCP. This hypothesis is supported
by results given in Figure 5.15 which show the discontinuous growth
band stability in PVC to decrease strongly in concert with a pro-
gressive weakening of the craze fibrils as M decreases. Therefore,

when crack growth through a craze is initiated by failure of a few
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fibrils near the crack tip, the remaining fibrils are too weak to
restrain the continued advance of the crack. This condition promotes

discontinuous crack growth.

5.2.5 Fatigue Striation Morpholosy

Fatigue striations of the type formed at higher crack growth
rates during one load cycle have been observed in every glassy poly-
mer tested under fatigue loading except PVC. If the striation
spacing is compared with the macroscopic crack growth rate and plot-
ted against AK for PS,13 PC,1 PMMA, PSF, and epoxy (Figure 5.16),
good correlation is noted. Fractographs of fatigue striations in

common amorphous polymers (Figure 5.17) showed remarkably similar

appearance. The striations were very flat with a fine linear struc-

ture (oriented parallel to the crack propagation direction). In
general, the arrest line between striations was very narrow. Care-
ful observation of either side of the arrest line shows no signifi-

cant difference in texture as had been noted by Jacoby.69 1f one

vere to compare these fatigue striations with the DG bands shown in
Figure 5.8, the difference in morphology becomes quite evident. In
fatigue fracture analysis of polymers where bands are visible, but

growth rate data are unavallable, attention should be given to band

micromorphology in order not to misinterpret the particular mechan-

ism for band formation.

5.2.6 Fatigue Fracture sur face Micromorphology of Variable M

PVC Specimens

piscontinuous growth bands were present on the fracture sur-
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Figure 5.17 Typical striation morphology in (a) PC, (b) PSF,

(c) PS (SEM micrographs), a

graph).

nd (d) PMMA (light micro-

Arrow indicates direction of crack growth:
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Figure 5.17 Continued
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faces at low AK in all PVC specimens, regardless of M and plasticizer

content. A typical fractograph of DGB's in PVC (Figure 5.18) shows

a structure similar to Figure 5.8.

Another feature of the fracture sur face of PVC is the presence

of roughly polygonal particles which seem to constitute a sub-struc-

ture within the discontinuous-growth bands shown in Figure 5.18. The

average size of these particles 1s ~ 50 .m, within the range of sizes

of the original suspension-polymerized particles used to mold the

samples.

At high AK levels (1.1 MPa J/m) at 0% DOP, a different fracture
mechanism transition was jdentified. 7The DGB's disappear as crack

growth no longer proceeds through these grain-like particles but

begins to grow around them (Figure 5.19). This transition from

trans-particle to inter-particle crack growth was associated with a

slight increase in the slope of the FCP curve (seen in Figure 4.6
for ﬁ; = 1.4 x 105 and 2.3 x 105. One may then conclude that the

suspension particle boundary region is less resistant to FCP than

the material within each particle. It is interesting to note that
evidence of these particles was only apparent in the fatigue region

of the fracture surface but not in the arca of fast fracture. This
implies that fatigue cycling provides a much more sensitive indica-
tor of the weak regions within a polymer than docs a simple fracturé .
test. In this case incomplete bonding or ineffective chain entangle-
ments at the particle intérfaces may be expected to result in rela-

tive interfacial weakness, and in probable sites for crack advance.
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Figure 5.18
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SEM micrograph of fracture gsurface of typical suspen-
sion polymerized PVC specimen showing discontinuous
growth bands. Note evidence of interfacial failure
at boundaries of polygonal shaped primary particles:

134

SRR SED S Bl T DR S R e




ok i e

plete inter-particle crack growth

Figure 5.19 Evidence of com
face of suspension polymerized PVC

on fracture sur
specimen®
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5.2.7 Fatigue Fracture Surface Micromorphology of Polyacctal

As mentioned previously, a macroscopic imspection of the fatigue
fracture surface of Delrin at 100 Hz and Celcon showed the presence
of irregularly shaped discontinuous growth bands. Higher magnifi-
cation of the fracture surface reveals a complex structure common
to both Delrin and Celcon at all frequencies tested. Initial obser-
vations show the frequent presence of a radial structure (Figurc5.20
which corresponds in overall size to the dimension of a spherulite.
This suggests that crack advance is primarily transspherulitic where
crack growth proceeds through a spherulite. Evidence of secondary
cracking at spherulite boundaries is also present. This mode of
fatigue failure is nearly identical to Stage I FCP in polyethylene
reported by Andrews and Walker.l‘8 At low AK and da/dﬁ (Stage I),
they also found crack growth to procecd primarily by a transspheru-
litic mechanism. Although total deformation was minimal, secondary
cracking along spherulite boundaries was always present.

Higher magnification of the fatigue fracture surface reveals
fine striation-like markings, (Figure 5.21 ) (2 - 14 x 10-7) in
width which bear a strong resemblance to fracture details discussed
by Crawford and Benham? These markings are believed to be related
to two different deformation proccsses. During transspherulitic
crack growth, spherulites are split, revealing their internal struc-
ture to be comprised of lamellae. The size of the observed fracture
makings agree well with the reported thickness of crystalline lamel-

lac. The second source of linear. structure is the traasformation
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Figure

5.20 SEM micrograph of fracture surface of Delrin showing
internal structurc of a spherulite.
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Figure 5.21 Striation-like markings on fatigue fracture surface

of Delrin. (TEM fractograph)
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of spherulites into highly oriented filaments as a result of a local

cold drawing process. Macroscopic cvidence of reorientation is man-

ifested by the whitening of the fracturc surface. In some regions,
the strain during deformation {s sufficient to introduce voids and

void clusters, oriented in the direction of fibrillar alignment

(Figure 5.22). This craze-like structure has been reported by

01f and Pctcrlin90 to be one of the common mechanisms of deforma-

tion in crystalline polymers at room temperature and below.

5.3 Conclusions

From observations of discontinuous growth bands of several

polymers, one can conclude that discontinuous crack growth is an '

FCP mechanism common to uncrosslinked glassy polymers and the crys-

talline polyacetal. Discontinuous crack growth in amorphous poly-

mers occurs by the development and growth of short single crazes
ahead of the crack tip. These conditions are met at low AK and
Molecular weights below about 2 x 105 also seem

high frequency.

necessary for producing a small number of weaker crazes which en-
courage discontinuous crack growth.
A somewhat differet growth mechanism is operable in PA where

crack advance is primarily transspherulitic in nature involving

insignificant crazing. By equating band length to the computed
plastic zonc dimension, inferred yield strengths were calculated

which agrecd well with reported values of craze and triaxial yield

stresses. At high &K levels, continuous crack growth was made
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Figure 5.22

TEM micrograph of fracture surface of Delrin showing
voids and void clusters oriented in the direction of
fibrillar alignment.
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advance of the crack during each loading cycle.
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V1. General Conclusions and Suggested Future Work

6.1 General Conclusions

The B transition appears to dominate many aspects of the

fatigue response of polymeric materials. The frecquency sensitivity

was found to be maximum when the frequency of the B peak occurred in
the range of test frequency. This behavibr was explained in terms of
hysteretic heating at the crack tip which is maximized at the B peak.
The resulting crack blunting causes a drop in da/dN which is belicved
to be responsible for the observed frequency sensitivity in polymers.

The B transition also appears to be responsible for the sensitivity

of fatigue crack growth rates to both cyclic strain rate and creep

crack growth.

Polyacetal was found to be the most FCP resistant polymer.
Molecular weight was found to have a large effect on the fracture and
FCP properties of FPVC. This effect on the fatigue response persisted
to high M where little change in static properties was noted. The
much enhanced fatigue behavior encountered at high M was related to
the increased resistance of the craze preceding the crack to cyclic
breakdown on a molecular level.

Plasticizer content was seen to produce a complex effect
on FCP in PVC and PMMA. The FCP rcsponse of PVC was unaffected by
small additions of dioetyl phthalate. However, PDMA, copolymerized

with BA, showed fatigue response to be a complex function of BA

content believed due to intecracting mechanical and thermal processes.
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Increasing M. served to decrease toughness and increase
crack growth rates in an cpoxy resin. The increased molecular
constraint encountered at low Mg was believed to restrict large
scale plastic deformation; therefore, e¢yclic loading induces exten-
sive crack tip damage.

Discontinuous crack growth is the dominant mechanism of FCu
at low AK, M< 2 x 105 and high cyclic frequency in uncrosslinked
amorphous polymers and crystalline polyacetal. The fracture surface
bands formed over many fatigue cycles which are a manifestation of
discontinuous crack growth were found to be equal to the crack tip
plastic zone size. At high AK levels, continuous crack growth was
evident by the presence of fatigue striations corrcsponding to the

advance of the crack during each loading cycle.

6.2 Suggestions for Future Work

With the completion of this dissertation, it becomes ap-
parent that certain phenomena require further study and clarifi-
cation. The resonant condition between test frequency and the
p-frequency which induced a maximum in FCP frequency sensitivity
was related to a peak in damping. It is conceivable that further
fatigue testing in the regime of other damping peaks (e.g. o or y
transitions) may reveal a similar increase in frequency sensitivity.
similarly, further study of the effect of waveform on da/dN is re-

quired to fully understand strain rate effects in polymers. 1In a

related manner, attempts should be made to measure the extent of
localized crack tip heating.
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Clearly, crystalline polymers are the most FCP resistant mater-
ials currently known. However, further study is required to ade-
quately understand the effects of such important parameters as
spherulite size or degree of crystallinity on fatigue crack propa-
gation response. Although much of the work presented involved
homopolymers, the commercial importance and desireable properties
of copolymers, blends and composites dictates that the FCP response
of these materials should also be examined.

Further study of the discontinuous crack growth process is re-
quired to fully understand why a craze will resist failure for many
cycles but will suddenly fail during one load cycle. The kinetics
of craze growth needs to be clarified since it should have a strong
bearing on the craze instability process. Using discontinuous
crack growth as a tool, the effect of various polymer additives on
craze stability may be evaluated.

All data offered in this dissertation were obtained undecr con-
ditions where the minimum load was near 0. Other published data
indicate that an increase in the average or mean stress can dramat-

ically alter the fatigue response. Such behavior should be clari-

fied.
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Appendix 1. Synthesis of PMMA™

Specimens of a series of PMMA resins having a wide range of M

were synthesized by casting between glass plates. The technique for

casting directly in sheets (6.3 mm and 0.25 mm thick) consisted of

two steps:
(1) prepolymerization at 40°C of the desired initiator-monomer-
chain stransfer agent combination (Table IA.1) for from 3 to
48 hr, and
(2) pouring of the syrup thus obtained into the casting wold,
with completion of the polymerization at 40°¢c.
Before usec, MMA (Rohm & Haas) was washed and vacuum distilled. Mo-

lecular weight was controlled by the addition of varying amounts of
t-butyl mercaptan (t-BuSH) (K & K Laboratories, used as received).
Polymerization times were chosen to yield essentially complete con-
version of monomer to polymer; unreacted monomer was removed by dry-
ing to constant weight under vacuum at 50 % 5°c. Specimens were then
annealed at 105°C for 3 to 5 min. to remove shrinkage strains.

Another series of specimens having a range of M was prepared in
emulsion at 40 and 60°C, with 0.3 percent sodium lauryl sulfate as
emulsifier, and a monomer/water ratio of 1/4. Data are given in
Table 3.2.

Copolymers of MMA with n-BA were synthesized using the procedure
described above for PMMA (no t-BuSH added). Specimens having the

following mole ratios of n-BA were prepared: 90/10, 85/25, 80/20,

*Performed by Dr. S. L. Kim.
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75/25, 70/30, 60/40, and 50/50.

TABLE IA.1l

Recipe for PMMA Synthesis in Bulk®

Code Number t-‘;!tuzsn Ptepog’::fi;:tion

0 0 3-4

1 0.03 5-6 -
2 0.06 6-7

3 0.2 12-15

4 0.4 16-20

3 0.8 22-26

6 1.2 28-32

7 1.6 36-40

8 3.2 4448

8511 syntheses conducted at 40 + 2°C with 0.05 wt%

a,a'-azobis (isobutyronitrile).
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Appendix II1. Synthesis of Epoxies®

I1A.] Materials
The spoxy resins used were all diglycidyl ethers of Bisphenol-A
Epon series 825, 828, 1001, and 1004 (Shell Chemical Com-

oligomers:
pany); and Epirez series 520-C and 522-C (Celanese Coatings Company) .
Of these prepolymers, Epon 1001 and 1004, and Epirez 520-C and 522-C
were solids at room temperature. The curing agent used in most syn-
theses was methylene dianiline (MDA), obtained in the form of Tonox
(Shell Chemical Company) and 997-pure MDA (Aldrich Chemical Company) .
In a few cases, the following polyamides were used as curing agents:
Versamids 115 and 140 (General Mills Chemicals, Inc.). In the lat-
ter case, phenylglycidyl ether (Shell Chemical Company) was used as

a reactive diluent. All resins of a given type were taken from a

given batch; equivalent weight were used as supplied by the manufac-

turers.

1IA.2 Preparation-and Curing

The various proccdutes for preparation and curing are summarized
below. Compositions are given in following sections:

s. The general procedure for systems using liquid epoxy pre-
polymers with MDA as the curing agent was similar to that uscd by
Bell?5 Following prior heating to IOOOC, the resin and curing agent
were evacuated for 5-15 min. to remove bubbles, mixed, cast, and

cured as follows: 45 min. in a circulating oven at 60°C; 30 min. at
*per formed by Dr. S. L. Kim, Ms. Carol Vasoldt, and Mr. Subodh
Misra
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SOOC, and 2.9 hr ot 150°C; slow cooling to Toom temperature. The

mold assemblies comprised clamped 130 vm by 130 mm glass plates sep-

arated by .51 mo Or 6.35 mm cthylene-propylenc copolymer or Teflon

o
spacers were heated to 100 C prior to the casting step. Both Mold

Release 225 (Ram Chemical Company) and Epoxy ParFilm (Price Driscoll

Co.) were used successfully as mold release agents; sheets of Mylar

were also effective. with care, clear, ycllowish to brown specimens

were obtained from which bubble-free gections could be cut.

The cure cycle used was reported by Bell to give essentially

complete curingss- a conclusion supported by data presented clse-

vhere. Somewhat higher temperaturcs were used by Selby and Miller,

but the effect of curing temperature as & variable was not examined

in this study.

b. Higher molecular weight epoxies such as Epon 1001 are solids

at room tempecrature and are usually used in conjunction with a sol-

vent. 1o order to avoid at this time the question of a possible

role of solvent in network formation, 1t was decided to conduct cur-

ing in bulk. 1t was difficult to achieve defect-free specimens in

these cases, for at the highcr tcmperatures nceded to give the flu-

{dity necessary for handling curing proceeded at an undesirably

fast rate. However, thin specimens (0.5 mn thick) werec success=

fully made as follows.

The resin was melted at 125°C and evacuated. The curing agent

was mixed in and samples cast between glass plates without further
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evacuation. The curing cycle was modificd to 100°C for 1.5 hr.,

and 150°C for 2.5 hr.; dynamic modulus studies indicated complete
curing. A similar method was used for Epon 1004. By this technique,
it was possible to get bubble-free sections for dynamic modulus
studies.

c. For Versamid-cured systems the procedure developed by Manson
and Chiu86’87 was followed. First 6 percent by weight (based on the
total mix) of phenyl glycidyl cther was mixed with the epoxy prior
to addition of the polyamide in order to reduce viscosity and thus
facilitate mixing and removal of bubbles. The epoxy resin was
heated to 40°C, and evacuated in a vacuum oven to remove absorbed
air and moisture. After the curing agent is heated to AOOC and

added to the resin, the total mixture then evacuated for about 5

min. Sheets of samples were formed by use of the mold assemblies

described in section 2.a8.

I11A.3 Series A (varied stoichiometry)

This series (with MDA as curing agent) was prepared to provide
a standard for comparison with other specimens prepared in this
study and with the literature. Table IIA.1 gives the compositionms,
on the basis of cquivalent weights (based in turn on specifications
supplicd by the manufacturer). Theoretical values of M, as cal-

culated are given in Table IIA.1, along with compositions.
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TABLE IIA.1

Compositions of Series A Epoxy Resins

Designation Anmine/epoxy Ratio® M. (thcoretical)b
A-7 0.7 = 1 1523
A-8 0.8 :1 526
A-9 0.9 :1 383
A-10 1.0 : 1 326
A-10A 1.0 : 1 326
A-11 1.1 : 1 370
A-14 1.4 : 1 592
A-16 1.6 : 1 924
A-18 1.8 : 1 1922
A-20 2.0 : 1 o (Linear)

8411 are based on the use of Shell TONOX curing agent,

except for the A-10A case, for which 997 MDA was used.

bFor reasons discussed by BellS? actual M values for
specimens A-16 to A-20 may be in error. "However,
estimation of absolute values will require analysis
of the residual amine content. In any case, the error
will not affect any trends observed in propertics as a
function of stoichiometry.
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11A.3 Seriecs B (Blends at equal Hc)

For this series, various resins were blended to achieve an epoxy

equivalent weight of 190 g/eq (cquivalent to that of Epon 828, and to

a value of ﬂc of 326). stoichiometric amounts of MDA were used in

all cases. Details arc given in Table IIA.2, which also includes

data on the blending resins themselves.
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TABLE IIA.2

Compositions of Series B (Blends) Epoxy Resins

Desig- wt?, of . wt?,

natton T e 1001 o e 525 o | n=0 m=l ne2e8
B-1 - u4 - - 88.6|190[89.9 1.8 8.3
B-2 . 1.3 - 9.6 80.1|190[88.4 4.1 7.5
B-3 10.0 - . - 90.0|190 - - -
B4 - - 1m.8 - 88.2[190 - - -
B-5 - - - 100 - f[10[75 25 -
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Apvendix ITI. Characterization of Polymers*
o ———  —— v—

IIIA.1 Characterization 9£ ﬂv.

Intrinsic viscositics of PMMA were mcasured in benzene using a

Cannon-Ubbelohde dilution viscometer; molecular weights were computed

from suitable equations relating intrinsic viscosity (M} to ﬁ;:

at 30°c%8 (] =5.2x 107 m,0-7

at 25°¢%° [n) = 5.5 x 107 07

Intrinsic viscosities of MMA-nBA copolymers were determined in
chloroform at 20°C, and valucs of ﬁ& obtained by the use of constants

developed by Pank090 for the Mark-Houwink relationship:

(n) = kM

wherc K and a depend on the composition of the copolymer.
Using a similar rclationship, values of ﬁv were obtained for

PVC, Noryl, FC and PS. The constants K and a are given in Table

IIIA.1.

Dynamic mechanical properties were determined with a Rheovibron

apparatus at 110 Hz. The glass-transition (Tg) and P-transition tem-

peratures were taken from the major and lower maxima, respectively,

in the loss modulus vs. temperature curves *"+h the .-~polymers,

values of the glass transition slope and brcadth were also determined.

Values of Ty were determined using a differential scanning calorimet-

er (DSC) at a heating rate of 10°C/minute.
#*Characterization by Dr. S. L. Kim
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I11A.? Characterization of Crosslink Density in Epoxies.

Detailed analysis of the degree of cure and crosslinking of
those epoxies studied in this dissertation have been presented

elsewhere95 and will not be discussed here.
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Table IIIA.]

ﬁv Constants

Polymer Solvent K a
ps’® Toluene  1.7x107" 0.69
Nory197 Toluene 2.8x10°4 0.68
e THF 1.63x107 0.766
Png Methylene 1.19x10.4 0.80
Chloride
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